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Testing Fluid PoujengtnpShenis has been designed tp help,tech- 





nicians and enginesrs ed appl mimonstegj«prece- A p B 
P 


serve as a valuable reference for test enginear$ gurren involved in 

fluid power testing programs. Components covered'include pamps § . 
and.motors (open and closed loop). valves,’ actuators (linear and ro- & 
tary), filters, and connectors. Each component's function and op- 
erating principle are described to provide an understanding of why 
certain tests are performed. Common tests for each type of compo- 

nent are listed in the first chapter and are discussed in detail in 

other chapters. 

One of the most important factors to be considered when design- 
ing a test circuit i the proper selection of instrumentation. The ac- 
curacy of this instrumentation directly affects the test results, so 
caution must be exercised when deciding which device is to be used. 
A complete chapter is devoted to various types of instrumentation 
from pressure gages to highly accurate transducers. The function of 
each device is described as well as its'ápplication in a system. The 
types of instrumentation covered will allow monitoring of flow, pres- 
sure, torque, RPM, force, position, viscosity, temperature, voltage, 
and current. 

Once the operations of both component and instrument are un- 
derstood, these instruments can be combined to produce a complete 
test system. Schematics depicting various, test systems are ex- 
plained, in order to present the reader with an idea of the many 
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2 FLUID POWER COMPONENTS 


power varies, the results are the same: a given amount of flow and 
pressure are produced by a given amount of input power. 


ESF. F IC-IE«N.CY 


The ratio of input power to the resultant output power is called 
the overall efficiency of a pump. Inherent in any pump design is in- 
ternal leakage that contributes to component inefficiency. This leak- 
age is called volumetric efficiency, which is the ratio of actual pump 
displacement to theoretical pump displacement. The ratio of overall 
efficiency to volumetric efficiency is called mechanical efficiency. 

These values are determined by the following formulas: 


Output horsepower 


Input horsepower so 


Overall efficiency = 


or 
Overall efficiency = Volumetric Efficiency 


x Mechanical efficiency + 100 
Actual flow rate (gpm) 


Volumetric efficiency = Theoretical flow rate (gpm) x 100 
Th tical i tt 
Mechanical efficiency = A ee y 100 


Actual input torque 


OUTPUT FLOW AND PRESSURE 


Output flow and pressure describe the main performance charac- 
teristics of a pump. Flow is generally expressed in gpm (gallons per 
minute) or in-/sec (cubic inches per second) and pressure je In psi 
(pounds force per square inch). The total amount of flow produced 
is based on the continual displacement of the pressurized chambers 
at the pump outlet. Pressure rating is based on the mechanical de- 
sign of the flow-producing components and all internal pressurized 
surfaces. Generally a safety factor of 2—4 is applied to the pump. 
Specifically, a pump rated at 3000 psi operating pressure usually 
can withstand 6000—12.000 psi pressure peaks-before reaching 
burst pressure. 

Because a pump has several pressurized chambers working to- 
gether. flow and pressure generally appear quite stable. This is usu- 
ally true in most systems, but more sophisticated high-response 
systems are not always tolerant of pressure or flow ripple. The ripple 
is measured by the ratio of the number of pistons, vanes, or gear 
teeth pressurized during a specific time period versus pump rotat- 
ing speed. 


i». 
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INPUT TORQUE OR HORSEPOWER 


The amount of input power to a pump determines the amount of 
flow or pressure a pump can produce. The equation used to calcu- 
late the required input horsepower (HP) is 


Pressure(psi) x-Flow (gpm) 


HP = 
1714 x (Pump overall efficiency + 100) 





To convert HP to torque. use 








HP x 5252 
T bf) = 
orque (ft-Ibf) RPM 
. Torque x RPM 
dis 5252 


As you can see, the exact overall efficiency of a pump is needed to 
equate the total input power required. 


VISCOSITY 


One of the key considerations in defining pump characteristics is 
the evaluation of the pump at the proper oil viscosity. Because vis- 
cosity changes the efficiency of a pump, other relationships such as 
horsepower are affected. When a pump is used with a very low vis- 
cosity fluid. efficiency may drop dramatically. This could easily lead 
to-insufficientinputhorsepower- Pump manufacturers usually pub- 
lish the minimum and maximum viscosity recommended for each 
pump series. 


INLET PRESSURE 


Another key factor in pump performance is the pressure required 
at the inlet. Insufficient pressure causes cavitation, while too much 
pressure may exceed the mechanical design of the pump. Open-loop 
pumps, which usually draw fluid directly from the reservoir, are lim- 
ited by the suction pull capacity derived from their particular de- 
sign. Again, viscosity plays an important role. because the more vis- 
cous the fluid, the harder it is for the pump to pull suction. 
Typically, open-loop pumps can pull 5—10 inches of mercury (in. Hg) 
or require up to 100 psia supercharge pressure. It is also important 
to note that these inlet pressures are expressed in psia (pounds per 
Square inch absolute). The ambient air pressure plays an important 
part when a pump is used at higher elevations, especially when the 
pump is applied to a system running close to its performance limits. 

Closed-loop pumps, used in hydrostatic transmissions, are usu- 
ally supercharged by a make-up pump that replaces fluid lost due to 
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6 FLUID POWER COMPONENTS 





Driving gear 
clockwise 





Driven gear 





Fig. 1.1. Gear-pump cross section. (Courtesy Rexroth Corp.) 


You can imagine what happens to efficiency if a pump shaft is 
side-loaded during use, such as in a belt-driven system. As the bear- 
ing bushings (5) wear. the gears are forced into the bearing blocks. 
The metal-to-metal nonparallel contact eventually scores the compo- 
nents until output flow and pressure decrease or mechanical failure 
results. 

Gear pumps generally have good suction characteristics and can 
produce maximum pressures in the range of 2500—3500 psi. Gear 
pumps produce the least efficient output in the common hydraulic- 
pump category. Typically. overall efficiency runs about 85%. pro- 
vided the pump is used in a system with the proper viscosity charac- 
teristics. 


VANE PUMPS 


Figure-1.2 depicts the construetion-of a vane pump. Unlike the 
gear-pump design, the clearance between the vane and the 1.D. of 
the cam ring is controlled by pressurization of the vanes. Rather 





ud 


Suction side 


= 





Direction of rotation 
(viewed from shaft end) 











a Dua! vanes 


Fig. 1.2. Vane-pump cross section. (The direction of rotation, viewed from 
' the shaft end is counterclockwise.) (Courtesy Rexroth Corp.) 
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than relying on a fixed clearance, the pressurized vanes constantly 
adjust for wear between the rotating components. Again. the vanes 
can allow internal leakage across the side bearing surfaces, but be- 
cause of the controlled O.D. and I.D. clearances. efficiency is greater 
than gear pumps. 

The design shown is more tolerant to side loading of the shaft. 
because of the main shaft bearing and because only one rotating 
component is required as opposed to two intermeshing gears. 


PISTON PUMPS 


There are several variations of piston-pump designs. including 
axial piston, bent-axis, radial piston, and ball-check piston. Figure 
1.3 depicts a bent-axis: pump. You can see the larger drive shaft 
bearings that are required for higher loads owing to increased flow 
and pressure capabilities. Several pistons are driven back and forth 
within the cylinder block to pull suction or push fluid out. Since the 
piston 1.D. and bore O.D. clearance is extremely tight and this is 
the only place for internal leakage to occur. efficiency is very good. 
Volumetric efficiency of piston pumps run as high as 97-98% under 
ideal operating conditions. Output pressures can be as high as 
10.000 psi. 

The only drawback in this design is the increased number of mov- 
ing components. Tighter tolerances mean that finer filtration is re- 
quired, and-more surfaces can cause failure due to lack of lubricity 
or viscosity. 

Some piston pumps can pull suction. some require a flooded suc- 
tion, and others require a full flow supercharge. In closed-loop de- 


Sign. all pumps require full-flow-supercharge pressure. 


Fig. 1.3. Bent-axis 

piston-pump cross 
section. (Courtesy 

Rexroth Corp.) 
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10 FLUID POWER COMPONENTS 


control mechanism is a spring (12), which limits the flexibility of 
control options. When a control piston is used as shown in the pis- 
ton-pump design. many options are available, as the piston re- 
sponds to external signals generated mechanically, hydraulically, or 
electronically. j 

Minimum and maximum control pressure is one common test re: 
quired. Pumps used in open-loop circuits operating at low pressures 
in idle may not generate sufficient pressure to control the pump. 
The outcome is either erratic or total loss of pump control. 


PRESSURE COMPENSATION 


Pressure compensation is the most common coritrol used in vari- 
able-volume hydraulic systems. Figure 1.7 depicts a typical control 
valve. which transmits a hydraulic signal to the contro! spool in a 
piston pump. The spool is basically a directional control valve. Upon 
a signal from the pressure sensing circuit, the spool shifts, which 
in turn de-strokes the pump to its displacement setting. which 
maintains compensator set pressure. 

A common test applied to this design is response time from zero 
stroke to full stroke and full stroke to zero stroke. This response 
time is usually affected by viscosity owing to control orifices in the 
valve assembly. so viscosity versus response time is also a consider- 
ation. 

Valve hysteresis-is also tested to determine the actual resultant 
pressure versus the crack pressure of the pressure-sensing valve. 
This pressure variation is identical to relief-valve testing. where 
crack versus full flow setting and reseat pressure are tested for. For 
more detailed information. see relief valve testing and spool leakage 
testing (Chapter 3). 











A) 


Fig. 1.7. Pump-displacement 
control valve. (Courtesy Rex- 
roth Corp.) 
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HORSEPOWER LIMITING 


Horsepower limiting control senses both system flow and pressure 
to prevent the pump from trying to produce more output power than 
input power available. In this situation, the control piston provides 
an infinitely variable displacement control. This control is used in 
systems with either limited input power, or with pressure and flow 
combinations that do not require maximum output of either vari- 
able simultaneously. 


Again, response time, hysteresis, and spool leakage are tested. 


LOAD SENSING 


pres- 
sure signals between output pressure and load pressure. The pump 
strokes to maintain a fixed differential between the two. 


Tests remain as discussed—response time, hysteresis. and spool 
leakage. 


MANUAL DISPLACEMENT 


Manual displacement is commonly used in hydrostatic drive Sys- 
tems. Swashplate angle is controlled externally from a lever or cable 
or, in some instances, an external remote control device. Testing 
generally consists of output displacement versus control position, 
which is a linear relationship with efficiency affecting total linearity. 

Response time and hysteresis testing are no longer required. with 
the exception of fluid compressibility response time. This applies to 
direct-actuated control pistons. Where the control lever Operates a 
pilot source, response time and hysteresis testing is required. 


REMOTE HYDRAULIC CONTROL 


Remote hydraulic control is used when a remote pressure signal 
is available to control either flow or pressure. The remote device re- 
sponse has, of course, a definite effect on pump response. When 
testing a component of this type. external response times are gener- 
ally neglected to avoid confusion. This holds true for component 
testing only. When testing a component within a system, all factors 
must be considered. 

A remote pressure control is what strokes the control piston. In 
controls of this type. a spring with a greater force is used to provide 
a wide pressure control range versus pump stroke. For pump on- 
off controls, such as pressure compensators, a lighter spring is used 
on the control piston. As pressure is applied, Spring rate affects the 
Crack pressure versus full flow pressure. In remote hydraulic control 
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14 FLUID POWER COMPONENTS 





Fig. 1.9. Hand-operated pump. (Courtesy OTC Division, Sealed Power Corp.) 


flow. As shown in Fig. 1.10, you can see the large clearance between 
the impeller and flow passage in the pump housing. This design 
can provide very high flows. while outlet pressure is low and suction 
capability is poor. This pump can be applied successfully in low- 
pressure applications, such as supercharging a high-pressure 
pump or for any high-volume-flow requirement. 

B. ause the design is not a positive displacement type. efficiency 
is quite different than as previously discussed. As-pressure in- 
creases, flow drops drastically to the point of no flow at all. The im- 
peller will just rotate freely, supplying pressure, but no flow. A very 
important consideration when applying this type of pump is fluid 
viscosity or specific gravity; pump efficiency can be affected tremen- 
dously by these variables. 

Tests performed on this pump are flow versus outlet pressure, 
maximum-minimum suction, horsepower across all flow and pres- 
sure points, drive speed. and viscosity or specific gravity effects on 
performance. 
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Fig. 1.10. Centrifugal-pump 
cross section. (Courtesy 
Goulds Pumps, Inc.) 





1.2 Hydraulic Motor Ratings 


Hydraulic motors are nearly identical in design to pumps. Rather 
than drawing fluid in and pressurizing it to do work. the motor 
takes the pressurized fluid in to create rotary motion and then 
pushes the used fluid out at low pressure. The same basic designs 
are used. mainly gear. vane. and several piston designs. 


TORQUE VERSUS PRESSURE 


One critical rating is the ratio of output torque (ft-Ibf or in.-Ibf) 
produced versus the input,pressure. In a motors normal speed 
range, this is quite constant. with the exception of reduced torque 
at higher pressures due to increased internal leakage (efficiency). 

Torque is a measure of output power based on the relationship of 
displacement, speed. and input pressure. The following equations 
are commonly used: 


Pressure (psi) x Displacement (in.*/rev) 
27 





Torque (in.-Ibf) = 


Horsepower x 63025 
RPM 


Flow (gpm) x Pressure (psi) x 36.77 
RPM 


Torque (in.-Ibf) = 





Torque (in.-Ibf) = 


Torque Dn. JD _ Displacement (in.?/rev) 


100 psi 0.0628 


Torque output (in.-Ibf) x RPM 
63025 





Horsepower = 


dë 
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18 FLUID POWER COMPONENTS 


t 


do not drain leakage, but allow this leakage to blow by the rotating 
components, seeking the lowest-pressure path. Pumps with case 
drains are rated at maximum and minimum pressure to prevent 
housing failure and provide proper operating parameters. 


INTERNAL COMPONENT WEAR 


Motor wear is analyzed by disassembling the test motor after cer- 
tain tests are performed. These tests can include shock cycling. con- 
taminate ingression, excessive temperature, or just life testing at 
normal operating conditions. 
` The internal wear surfaces such as pistons and piston bore. pis- 
ton shoes, and bearing plate and bearings are all inspected to find 
increase in tolerance clearances or any uneven wearing due to side 
loads or contamination. 

This test helps design engineers determine proper material, mate- 
rial finish. and clearance dimensions for all dynamic components 
within the motor. 


1.2.1 Fixed Displacement Motors 


This motor design. as discussed. rotates at whatever speed inlet 
flow. minus efficiency, allows. Also. it provides whatever torque inlet 


3 t 
pressure, minus outlet pressure, allows. 


GEAR MOTORS 


Figure 1.11 depicts a fixed-displacement gear motor. As you can 
see, the figure is nearly identical in design to a gear pump; the only 
common exception is the design of internal porting for timing pur- 
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Fig. 1.11. Gear-motor cross section. (Courtesy Rexroth Corp.) 
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poses. Timing the pressurized fluid to enter the rotating group is 
one of the most difficult tasks when designing a gear motor. Im- 
proper timing can cause noise, inefficiency. cavitation, or erratic 
torque output. Gear-motor designs consist of severa] variations: 
gear-on-gear, crescent-gear. gerotor. differential gear. and roller 
gerotors. The-main differences produced by various designs include 
minimum and maximum speeds. efficiency. and pressure rating. 
(Refer to the gear-pump discussion for a detailed description of op- 
erational ratings other than those described for fixed-displacement 
motors.) 


VANE MOTORS 


-Again, the design of a vane motor is identical to a vane pump ex- 
cept for timing and vane pressurization. Unlike a pump that re- 
quires rotation prior to pressurization of the vanes, pressure is im- 
mediately available at the inlet port of the motor. Vane-motor 
designs include standard vane, axial vane, and rotary-abutment ro- 
tor. (Refer to the vane-pump discussion for a detailed description of 


ratings other than those described for fixed-displacement motors.) 


PISTON MOTORS 


The most efficient hydraulic motor is the piston design. owing to 
the extremely tight clearances possible betweerf the pistons and cyl- 
inder block bore. Higher torques and speeds are-possible-than with 
gear and vane designs. An example of higher-speed units is shown 
in Fig. 1.12; this is a bent-axis design similar to the bent-axis 
pumps described earlier. Low-speed motors are supplied in several 





Fig. 1.12. Bent-axis piston-motor cross section. (Courtesy Rexroth Corp.) 


"Ipu au 
JO one SUINJOA Team ay) 0) ənD MOY aur-u1n3a1 penjoe ajdu 1o 
əlqnop ue moy unja1 1aput[4o *3ndjno dund ye ayezado 0) pazis aq 
Ae aaqea ? IUM “JapuryAd e woa MOY U.11321 SI paspo[raAo wajqoid 
uouruo Y ‘Aea e SurÁidde asojaq pasmba et 27 MOY UI93SÁS ay} 
se Ion se pasn piny reme ay} JO MƏMƏ y Drot Jemorued e Sur 
-SN $183] UO paseq SI 381 MOY SU) “I3AƏA0H 'SJa1nj2ejnueul ATLA Áq 
Pausriqnd Agensn si moy (neu sm p ‘Sutids um3ai 10 JOyeJado 
UE JO 39.10] 342 P339X3 ABW $39.10] MO ay} 'Jutod moy autos 1v '9210] 
Surids ta uontsod peuuou e 0} joods ay} mai o) JO 1o)e1ədo 
prousjos e tuo1j 3JTus Jamod e Sump med moy ay} reaus 0} pousis 
"9p 31e S3AJEA joods ^34TeA ƏY} JO 3utod jas a1nssaud umunutu au) 
paa9xX3 ued doxp ainssaid 10 uorje1ado opea asneo [TIM moy aarssao 
-XƏ 'SeATeA JOIJUOS ainssaid uj 'suoneordde Jsou JOJ ƏAISS32X3 00) 
sauio2aq dosp ainssaid wood Jeym e 10 $3910} MOY 0) app [Te] ¡rua 
9ATEA e Julod Jeym je suruniajap Tea sunei moy UNUNXEJA 
‘Tre e uonounj you Aew Jo Ajea 
“Vela uoHoury Ae aaea ay} ‘Jaw ae sjuoura1mba1 moy umururui 
2524) [UP 110A19821 ay] o) Surum3ai pue spe əy} sso1oe Suideo 
-S3 PIN] pezumnssaud wor ISO] st MOY qonui mq ‘pews Daa SI 3A29|S 
pue joods ay} uaamjaq aoueseaja ayy “JATEA joods e utra sfere] 
əy} sI ajdurexa poo? Y ‘sədo p3ə[q 10 aseyeay joods 0} anp aa 
-gjeut 10] dnayeur Ajddns 03 parmbax ‘moy jo anu sed iaa 
"Ha o1qno [e13438 aq ose Oe MOY] umuiturjg ‘moy 3uasrornsur Aq 
P3133/J8 st aui əsuodsə: JATEA 294A ISLI E SI SI], 'SaA[eA Áem-mMoj 
pa1e1edo-3o[d 38.18] se yons ‘aye1ado o) moy jo ano tad suojpes 
[E12A3S S? yonu se aimnba ued pue poaje1ado-jo[d ase sjuauoduioo 
Aueul ‘ajdurexa 104 `sjuəusərmbəi moy festueyoaw Aue Se [pom Se 
9u10212A0 SI aseyea] [euajur a19uA 3utod ay) puy o) parmbas.Áje 
nsn sl uorqa 'uoneredo 10] pamba moy umurruru: au Surəq 1S:IU 
PUL 'S10398] jurej10durt oA) aUTULIAJap o] pauriojuad si JUNLI siu 


MOTI WOWIXVW INV ANHINIA 


“MO pue 
‘ainssaid *uorjaa1tp pmp [01309 0} pasn are S3AJEA “JausIsap LUIISÁS 
€ 0) UMOUY aq adUeULIOJIad IAEA JEU] ÁIeSS323U SI 31 'suigjsÁs [Te 
01 aqeondde aq jou Aeur em atu "S[qe33rpaudun sawiovaq ura1sÁs 
ay) *uonerado EA JUIISISUO) 1noul:A, "urajsÁs IY) UPM SIAJEA ITE 
Jo uorje1edo jUa}sisuod ay] uo paseq si t191sSÁs e Jo Jonuoo 1ado1g 


ssuney IAMA E'TI 


'»1nssaJd UA) 
-sÁs pue ‘paads Surje1ado *Áy1so9sta Dr Aq payoayye Árrensn sr uree 


LS SONILVY SATVA E'I 








200 astwodsal stu p "sons jo pue uo AUN] asuodsai JUJULI2IIP 0} 
Aressadau si 31 suonvoridde TENHO aow uj *jusurooe[dsrp eny o} 
drusuore[a1 ut Ə8e1[oA 10 ‘ainssaid '3210j mdu; umurrurui pue urnu 
"Të SUTULIaj}ap 0j ÁKressaoau et sjojuoo ISIYI 10] Sunsay ‘Juey 
luəurə5e[(dsrp usiduioooe oj Área əə 10 'ÁfrTeomneuipKu ‘Ajea 
-Iueqoaur pajen sr ə[Bue dno13 rezos 10 ojgue 9jeiduseAgG “191189 
paquasap sdumd uojsid ay} 0} rejruris st s103011 3531] JO usIsaq 

f juaui 
-33ejdsrp paseaisap (LA sosea193p anb1o} əouts *onbuo] [my ambas 
1ou op spaods mar uəuA a1n3e3j 991U Y sI asejueape SIY "1030 
PƏXU € y} pəzt[eə: aq proo uey} spasds Suryesado 194514 Sumopre 
'S358319U1 paads 'jusulsoejdsip iojou: Surseandap Ag :anb0) Jo 
1unoure 359318] ay} ssonpoud 1uəunəoeldsip [my ye 1070W o|qetreA e 
SuiÁiddns dumd AUIMIOA-PIXY € ‘ajdurexa Jog ‘anb1o} paonpas uta 
aiqissod are spaads Supyerodo səu8rH `sio)otu paxy m əlqissod 
jou sogejueApe uisjsÁS sAo[[e 31nj83j sni ‘sdumd juawsejdsip 
-9|QELIEA 0) USISIP ur re[runs are s1ojoui juaurs2e[dsip-o]qereA 


SIOJOW| 3u2uroo?[dsiq-o[qeLreA zt 


"Wd I uey} seat spaads tra sanbio} ugru Ara 
aonpoid 0) USISIP ern more aseyea] [eurrəjur MO] Ájeuondaoxa pue 
seare 33ejyins uojsid 39187 eys yndino aq Surium ‘aens yeys 
211303229 ue 1sure8e 3210] Y sjrursuer) A[qurosse uojsid ay] jo do) aui 
ye pajo2urp pmi `£T`I "814 ut payoidap uoisid perpe: 34) sí sonbuo; 
134814 10] pasn susisap uowwo a1oui əy} JO ƏuO 'suors12A USISIP 


(d109 yoney fisayino)) "nonaos sso1o 103001-00)S1d-[erpey “211 “Bry 


RVSUGKAN SIENE ¡epeds 
tava sens Dujses jeopsudc 








7832048 Isuuseq yÖjy o! 





"` -opua o weieng 
J wauwubye 20; pos ua Irup 
PIS ON PAS UOfj280U02 ON 





SUOISId jepe 
(odA-sepundo 2idoosejm) pe»ugieq 
AjeoynaspAy Buubug Jes 





«ÍNURE.. 18 
199)uo» bujees so) bupds 


' SLIN3NOdWOO YAMOd CINTA 0c 





22 FLUID POWER COMPONENTS 


MINIMUM AND MAXIMUM PRESSURE 


This rating denotes at what minimum pressure a valve will oper- 
ate smoothly or contro] pressure and at what maximum pressure 
the valve is mechanically designed to withstand or control with 
some degree of safety margin. Minimum pressure in pressure or 
flow control valves generally applies to the minimum pressure that 
is required to balance the mechanical design of the valve. This bal- 
ance is generally the relationship of the pressurized area versus the 
spring force. In order to provide stable valve operation. a spring 
force of some value is required to eliminate hysteresis or premature 
opening at the low end of the scale. Spool valves, however. usually 
require a minimum pressure in order to shift. In the smaller sizes 
that are directly actuated by a solenoid or are manually operated, 
this usually does not apply. In the medium to large valves. however. 
the spool is shifted by pilot pressure. This pressure is the minimum 
pressure required to overcome the flow forces seen during the maxi- 
mum rating of the valve. 

Maximum pressure rating of a valve generally applies to the maxi- 
mum safe operating limit. Safety margins of 2:1, 3:1, and 4:1 are 
used and so the terms proof pressure and burst pressure are also 
used. Proof pressure tests determine the maximum pressure a com- 
ponent will withstand over the recommended operating pressure 
with no damage or degradation of performance. Burst pressure tests 
determine the point at which an internal or external component 
breaks. This test can be extremely dangerous and should only be 
conducted in a test chamber capable of stopping the equivalent of 
an explosion. Operator safety is the primary concern during this 
test. 


FLOW VERSUS PRESSURE DROP 


This rating provides data necessary to select a component that 
will fulfill the required function but not induce excessive pressure 
drop. which reduces system output force. The curve generated is 
taken at various points along the flow rating of the valve. Pressure 
drop is recorded at each point to provide this relationship. It is im- 
portant to note the fluid used in the evaluation by the valve manu- 
facturer when reviewing published data. Fluid viscosity has a direct 
relation to this rating. The higher the viscosity, the higher the pres- 
sure drop. This is especially important in mobile equipment owing 
to cold-weather conditions. Components have burst during cold- 
weather startup due to pressure drop reaching burst pressure be- 
cause of viscosity increase. 

In certain systems, pressure drop cannot be tolerated owing to the 














1.3 VALVE RATINGS 23 


maximum output of the pump or the efficiency required. Actuators 
may require the full flow of the pump at full pressure. A reduction 
of pressure to the actuator owing to loss through a component can 
be avoided by oversizing the component. This oversizing, of course, 
also increases system. cost. Pressure drop also generates heat and 
reduces system efficiency. A stackup of components improperly 
sized can result in a system that does not have the power output 
desired, or a system that runs hot due to wasted energy. 


RESPONSE TIME 


This rating predicts the speed at which a valve will respond to a 
given situation. In some systems, this is not critical: in other sys- 
tems, it is mandatory. A relief valve with slow response may not open 
fast enough to vent a shot of oil caused by an actuator that has 
stopped suddenly. During this response period, if pump flow is high 
enough, system fluid can be compressed by the pump to the burst 
pressure of a component. thus causing a potentially dangerous con- 
dition. It is important to remember that a pump is dumb and will 
put out as much pressure as the system will accept. Unless some 
valve limits pressure, rupture will occur. or the system will stall out 
due to insufficient input power. 

Response time is usually rated in milliseconds at a certain viscos- 
ity. pressure. and flow. Because of this speed. test equipment can 
become expensive and sometimes mechanically impossible. Re- 
sponse time testing can only be as accurate as the test equipment 
accuracy. 


GAME LE GPESTS 


Many systems. such as those used in high-production assembly 
lines, operate continuously. Valve failure can cause costly down- 
time. ‘In order to predict the cycle life of a component, it can be 
tested under specific parameters to duplicate those parameters en- 
countered in the field. In some cases. a manufacturer will perform 
genera) endurance tests just to gather data on internal component 
wear. Solenoid valves can be cycled to measure spool/sleeve wear or 
Solenoid life. Pressure or flow contro! valves can be cycled to deter- 
mine deterioration of pressure or flow setting over a given period of 
time. 

Unfortunately this test is one of the most difficult to duplicate 
when specific conditions exist. A valve can be tested at a given flow 
or pressure, but many outside influences can greatly vary the result- 
ing data. These outside factors can be fluid lubricity. viscosity. 
viscosity breakdown, oil temperature. ambient temperature. con- 
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62 FLUID POWER COMPONENTS 


ure where contaminates retained in the element can be released 
downstream. 

Clean Pressure Drop This is the differential pressure across an 
element at initial installation. This rating is defined at a specific 
flow. termperature—and fluid viscosity. 

Maximum Pressure Drop This is the maximum differential pres- 
sure across an element that is recommended by the manufac- 
turer. This is usually a point below collapse pressure with a degree 
of safety margin. Bypass valves in the housing are usually sized 
to open at this point. Differential indicators (mechanical and elec- 
tric) within the housing are used to signal an operator when this 
point is reached so that the element can be cleaned or replaced. 
Flow Rate Flow rate is the flow at which the element produces a 
certain pressure drop. This rating can be used to define maxi- 
mum flow capable of passing through the element, but more often 
is used to determine flow versus pressure drop. 


Cleanliness Classification by Number of Particles Greater than 10 
Microns in Size per 100 Millilitres 





Contamination Standard Class and Particle Count 

ISO Std. Class 1815 17/14 16/13 15/12 14/11 13/10 12/9 
Number. of particles 77950 ..38975. 19487. .9744—4872 2436 1218 
SAE Standard Class 6 5 4 3 2 1 0 
Number of Particles 49592 25001 12456 6261 3121 1581 780 


NAS 1638 Aerospace Industry Cleanliness Requirements of Parts 
Used in Hydraulic Systems—Maximum Contamination Limits 
(Number of Particles per 100 ml) 


I Classes 
Size Range LLL 
(microns) 00 0 1 2 3 4 5 6 





5-15 125 250 500 1000 2000 4000 8000 16,000 


15-25 22 44 -89 178 356 712 1,425 2.850 

25-50 4 8 16 32 63 126 253 506 

50-100 1 2 3 6 11 22 45 90 

over 100 0 0 1 1 2 4 8 16 
7 8 9 10 11 12 


5-15 32.000 64,000 125.000 256.000 512.000 1,024.000 
15-25 5,700 11,400 22,800 45.600 91.200 182.400 
25-50 1,012 2.025 4,050 8.100 16.200 32.400 
50-100 180 350 720 1,440 2.880 5,760 
over 100 32 64 128 256 512 1,024 
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Note: In addition to the preceding ratings, filters are often sub- 
jected to mechanical and ambient extremes prior to establishing a 
rating for a particular application. For example, a filter may be ex- 
posed to high-level mechanical shock or vibration and then tested 
fordegredation of performance. Likewise, temperature extremes are 
applied to determine the affect on element bonding media, elasto- 
mers, or element performance. Element deteriorization may surface 
as embrittlement, fluid absorption or disintegration. 
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1 
Fig. 1.14. Two-way normally 
closed poppet-solenoid-valve 
cross section. (Courtesy Fluid 
Controls, Inc.) 


OUTLET 





3 
notches or grooves to improve the linear relationship of flow or pres- 
sure versus spool position. h 


`< 


TWO-WAY VALVES head 


Figure 1.14 depicts a two-way. normally closed. poppet-style sole- 
noid valve. It is designed to control on—off conditions in a circuit 
with flow in one direction only. When the solenoid is energized, the 
plungerlifts-to open-a small-vent-orifice, venting-pressure in the 
spring chamber of the poppet. This creates a hydraulic force that 
lifts the poppet to allow flow to exit through the poppet/seat. 

This type of valve design is tested for minimum and, maximum 
flow and pressure. pressure drop. and seat leakage. Poppet valves 
generally are rated at zero leakage to several drops per minute leak- 
age, so seat leakage tests can be difficult to perform U not set up 
properly. 


THREE-WAY VALVES 


Figure 1.15 depicts a single-solenoid. three-way spool.valve. This 
design is used to divert flow between two ports, or it can be used as 
an on—off valve with the load vented in one pgsition. Depending on 


the valve design. all three ports may be rated at full system pressure, 


or one port may have to be connected to return. N 

Spool timing can sometimes be important when a three-way valve 
uses two seats for low-internal-leakage characteristics. This is an 
important fact required when testing leakage of this design. Often, 
it may appear that the valve test is acceptable when test procedures 


are set up neglecting this problem. 


> 
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Fig. 1.15. Three-way spool- 
solenoid-valve cross section. 


(Courtesy Fluid Controls, Inc.) TANK 
PORT 


FOUR-WAY VALVES 


Figure 1.16 depicts a basic detented, manually operated, three- 
position, four-way valve with all ports blocked in neutral. You can 
see the round notches on the spool lands which can be used for de- 
compression or for limited throttling. Also. because the spool O.D. 
is consistent, pressure forces on the lands are negligible. Flow forces 
and the return springs are the main factors in determining the 
spool force required for valve shifting. 

This figure also shows the most common internal porting configu- 
ration used. The pressure inlet enters at the center of the spool. with 
the two work ports (A and B) on either side. At each end of the spool 
is the tank connection and the operator drain cavity. In this case. 
return-line pressure can be higher than some designs that combine 
the return passages with the operator drain cavity. 

In Fig. 1.17 you can see the operation of a small direct-actuated 
Solenoid valve. As shown in the manual valve. it too is a four-way. 
three-position valve with all ports blocked in neutral. To show the 
difference between AC and DC operators. one of each rvpe is shown 





in this cross section. Also, note that the return-line passages and 


the operator cavities are connected. This means that return-line 
pressure must be kept low. Solenoid-operated tube assemblies 
rarely can withstand more than minimal return-line pressure. 

In Fig. 1.18 you see a pilot-operated. four-way, three-position sole- 
noid valve with all the ports blocked in neutral. This configuration 
is used in medium to large spool valves. because the solenoid force 
of a direct-acting valve is insufficient to overcome the forces encoun- 
tered at higher flows. 
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Fig. 1.20. Pilot-operated check- 
valve cross section. (Courtesy 
Rexroth Corp.) 





PILOT-OPERATED CHECK VALVES 


When a system requires a check valve to allow reverse flow, a pilot- 
operated check valve, as depicted in Fig. 1.20, can be used. This is 
a poppet-type check valve with a single pilot piston. Free flow is al- 
lowed from port A to B: but to flow from B to A, the piston must be 
pressurized at the X port to force the poppet off the seat. The pilot 
piston area is always greater than the seat 1.D. area. This allows the 
piston force to be greater than the force holding the poppet closed 
when both are at equal pressure. In some cases. this ratio is not 
sufficient, so pilot-operated check valves can be supplied with a two- 
stage pilot piston. which usually includes a small ball or poppet 
within the main poppet to vent the spring chamber, thus reducing 
force on the main poppet. 

Testing includes the same tests as described under check valves. 
and, also, pilot pressure versus system pressure testing to deter- 
mine pressure opening ratio. Some designs also include a pilot pis- 
ton seal to reduce system leakage or to isolate the pilot source from 
the main line. In this case, pilot piston leakage is also tested. 


Handle Retainer Nut (Hidden) 


Handie 
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Stem 
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Fig. 1.21. Ball valve. (Courtesy 
Rockwell International.) 
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Fig. 1.22. Butterfly valve. (Cour- 
tesy Rockwell International.) 


3 


MANUAL SHUTOFF VALVES 


Several valve designs, such as ball valves, butterfly valves, globe 
valves, and gate valves, fall into this group. Figure 1.21 depicts a 
ball-valve design, and Fig. 1.22 depicts a butterfly-valve design. In 
most cases these valves are used for on—off service rather than for 
throttling service, in which they sometimes are used. 

Common tests applied to these valves include minimum and max- 
imum flow and pressure. pressure drop, pressure drop versus han- 
dle position, internal seat leakage. and external leakage at the stem 
packings. 





1.3.2 Pressure-Control Valves 


Several categories of control valves fall under the heading of pres- 
sure control. These valves regulate inlet pressure and outlet pres- 
sure, or they balance pressure to limit the amount of power a system 
or subcircuit can produce. Some circuits use a pressure-control 
valve only as a safety valve, for limiting maximum system pressure. 
Other circuits are designed around a pressure-control valve and in 
these instances precision regulation is urten important. 

Pressure regulation is the key rating in this category. The control- 
ability or regulation tolerance band ina given situation is an impor- 
tant datum. Repeatability of set point defines the valves capability 
to repeat the same setting at the same flow and viscosity. 

Pressure-contro) valves typically have hysteresis between opening 
pressure (crack pressure) and closing pressure (repeat pressure). 
This is caused by the different forces acting on internal components 
in both cases. For example. a simple direct-acting relief valve has a 
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is advised during relief-valve testing. It is also important when set- 
ting a relief valve to subtract return-line pressure from inlet pres- 
sure to establish the actual set point of the valve. If a relief valve is 
set at 3000 psi, and return-line pressure is at 200 psi, the valve will 
relieve-at-3200 psi. 


SEQUENCE VALVES 


A sequence valve is similar to a relief valve except that the spring 
chamber of the vent relief is separately connected to tank, which 
allows the valve to maintain regulated pressure regardless of return- 
line pressure. Figure 1.25 depicts this valve with this separate drain 
at either port Y, or at Y with a plug between the spring cavity and 
the B port. 

When testing this valve, the drain line should be unrestricted. Any 
line loss will add to the pressure setting, just as return-line loss adds 
to the setting of a relief valve. 

Sequence valves are commonly used in circuits that require a 
minimum pressure (set point) to become active. Because of this, se- 
quence valve B ports are normally designed to withstand full system 
pressure. This should be verified prior to the testing or selection of 
this type of component. 


UNLOADING VALVES 


The unioading-valve design depicted in Fig. 1.26 is used in sys- 
tems that operate in a short pressure cycle. with longer periods of 
off time, a good example being an accumulator circuit, where the 
pump is only used to charge the accumulator. Once set pressure is 
reached. the poppet allows full pump flow to bypass at low pressure, 
reducing heat. The accumulator pressure is now sensed. and when 
this pressure drops below the low-end limit, the poppet closes and 
the pump recharges the accumulator. 

For the valve shown, pilot pressure at port X is connected at the 
accumulator and is sensed external to port A where pump outlet 





Aj Fig. 1.25. Sequence-valve cross 
X section. (Courtesy Rexroth Corp.) 
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Fig. 1.26. Unloading-valve cross 
section. (Courtesy Rexroth Corp.) 





pressure is connected. By connecting this sensing line remote, any 
pressure fluctuations seen at port A do not effect operation of the 
valve. 


PRESSURE-REDUCING VALVES 


Pressure-reducing valves are used to limit outlet pressure to a pre- 
determined set point, and act somewhat in the reverse of the valves 
previously described. The valve is normally opened. allowing full flow 
to pass through. Once set pressure is reached, the valve throttles 
until downstream pressure is regulated at set point. regardless of 
inlet pressure. 

These. valves should be tested to determine their capability-in 
maintaining reduced pressure in both dynamic and static condi- 
tions. As an example. a cylinder moves at full flow. and the pressure- 
reducing valve limits pressure as the cylinder acts against certain 
imposed loads. Once the cylinder bottoms. it is important that the 
pressure remains at the set reduced pressure. If the valve does not 
relieve this pressure, static conditions will allow pressure in this 
static line to build to main system pressure. Some valves are rated 
as reducing/relieving valves. This should be known prior to testing 
for valve performance. A third port. the drain port, is supplied to 
allow drain flow to bypass to tank. This bypass is required to keep 
seat leakage from building up downs.ream pressure above the set 
point when the valve is in a static condition. 


COUNTERBALANCE VALVES 


A counterbalance valve typically consists of a pressure-controlling 
piston and a bypass check valve for free-reverse flow, and usually is 
applied in a circuit where an overhung load could "runaway" with- 
out some backpressure as restriction. As shown in Fig. 1.27. the 
valve consists of the main poppet (2). control spool (3), pilot piston 
(4), follower piston (5). and dampening orifice. 

Counterbalance valves are typically rated for operating character- 
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sus flow. Since this valve is used to control flow via the pressure- 
drop method, this information is required for proper selection of a 
valve for a particilar application. 


PRESSURE-COMPENSATED FLOW 
CONTROLS 


Figure 1.29 depicts an adjustable pressure-compensated flow con- 
trol. It, too. acts as a fixed orifice. but any change in pressure is 
compensated by the compensator spool (4). The adjustment knob 
depresses the control spool (5) so that a fixed orifice size is main- 
tained. This orifice creates the signal that modulates the compensa- 
tor spool to a stable flow condition. Stable flow occurs when the con- 
pensator spool has created a restriction equivalent to the balance of 
inlet pressure versus outlet pressure forces assisted by the spring 
(6) and contro! orifice (5). f 

Tests conducted on this valve are minimum operating pressure. 
response time. regulation hysteresis with variable inlet and outlet 
pressure. and regulation repeatability. i 

A sharp-edged control orifice is used in many designs to reduce 
the influence of viscosity on flow regulation. This provides a more 
stable flow control during the temperature or pressure swings that 
are seen in many systems. In these instances, tests are also con- 
ducted to determine the flow-regulation tolerance over a tempera- 
ture range. This can be a general test, or a specific set of operating 


conditions can be simulated. 
It is also important to note that tests conducted with a test stand 





Fig. 1.29. Adjustable pressure- 
compensated flow-control valve. 
(Courtesy Rexroth Corp.) 
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do not always simulate actual field conditions. In many instances 
an actual system mock-up is required to pinpoint certain operating 
parameters not detected during normal testing. 


PRIORITY FLOW CONTROLS 


Priority-flow-control valves are similar to the Standard pressure- 
compensated valves with one exception: Full pump flow is passed 
through the valve, one outiet port providing regulated flow. the sec- 
ond outlet port passing the remaining flow available from the pump. 

Two variations are present in this valve type. One type will allow 
use of the secondary flow in another System subcircuit, provided 
this circuit operates at a pressure below the regulated outlet. The 
second type cannot operate properly unless secondary flow is di- 
verted back to tank at low pressure. The only advantage of the sec- 
ond type over a normal flow control design is that less heat is gener- 
ated from unused flow. A standard flow-control inlet port builds 
pressure up to the relief-valve setting until excess flow dumps across 
the relief at maximum system pressure. The bypass flow control 
dumps excess flow to tank at a pressure equal to or slightly higher 
than the pressure required at the regulated port. 

In both types, regulated flow is tested with variable secondary port 
pressure. Caution should be used when testing the low-pressure 
secondary-flow design.so.that back pressure does not exceed-recom- 
mended maximum on that port. 


FLOW DIVIDERS 


Flow dividers are used to divi 
tionally out two outlet ports. Two common design methods include 
opposing-piston style or gear style. The opposing-piston method is 
very Similar to the pressure-compensated flow-control operation. Or- 
ifices are used to provide a Proportional split of flow through two 
connected, modulating pistons. The gear method involves the use 
of a set of gears that rotate ata speed proportional to inlet flow. just 
like a gear motor. The displacement of the gears. (generallv con- 
trolled by gear width) provides the proper flow proportion. 

Tests on these valves consist of flow-division tolerance with vary- 
ing inlet and outlet pressures. Loading of both outlet ports, simulta- 
neously and individually. is recommended. 





Note: Gear-style flow dividers can increase pressure above inlet 
pressure. When testing at high pressures. make certain that over- 
pressure protection on both outlet ports is provided. In certain con- 
ditions, one side can act as motor, driving the other side like a 
pump. 


flow rate equally-or-proper— — — — — 
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Input Current The current that is required for control of the equal area piston having insignificant friction and mass) and for 
valve, expressed in milliamps (ma). For three and four lead coils, static testing with loaded flow. 

input current is generally the differential coil current, expressed Rated Flow The specified control flow corresponding to rated 
in ma. current and specified load pressure drop, expressed in cis or gpm. 
Rated Current The specified input current of either polarity to Rated flow-is normally-specified as the no-load flow: 

produce rated flow, excluding any null bias current, expressed in No-Load Flow The servovalve control flow with zero load pres- 
ma. For three- and four-lead coils, rated current must be associ- sure drop, expressed in cis or gpm. 

ated with a specific coil connection (series, differential, or par- Loaded Flow The servovalve control flow when there is load pres- 
allel). sure drop, expressed in cis or gpm. 

Quiescent Current The DC current present in each coil of a dif- Internal Leakage The total internal valve flow from pressure to 
ferential coil connection, the two coil currents having opposing return with zero control flow (usually measured with control ports 
polarities such that no electrical control power exists. blocked), expressed in cis or gpm. Internal leakage will vary with 
Electrical Control Power The electrical power dissipated in the input current, generally being a maximum at the valve null (null 
valve coils that is required for control of the valve, expressed in leakage). In a two-stage servovalve. internal leakage will include 
milliwatts. For differential coil connection. the total electrical in- both hydraulic amplifier flow (sometimes called tare flow*) and 
put power supplied to the servovalve is the sum of the electrical bypass flow through the output stage. 

control power and the power due to quiescent current. Total Valve Flow The sum of the control flow and the internal 
Electrical Null* The zero input current condition. leakage flow. expressed in cis or gpm. 

Coil Impedance The complex ratio of coil voltage to coil current. Load Pressure Drop The differential pressure between the con- 
It is important to note that coil impedance may vary with signal trol ports. expressed in psi. With conventional three-way valves, 
frequency. amplitude, and other operating conditions owing to load pressure drop is the differential pressure between the valve 
back emf generated by the moving armature. Therefore, coil im- control port and one-half the net supply pressure. 

pedance should be measured with explicit operating conditions. Valve Pressure Drop. The sum of the differential pressures-pre-- 
Coil Resistance The DC resistance of each torque motor coil, ex- ent across the control orifices of the output Stage. expressed in 
pressed in ohms. psi. Valve pressure drop will equal the supply pressure minus the 
Coil Inductance The apparent inductive component of the coil return pressure minus the load pressure drop. 


Power Output The fluid power which is delivered t 
pressed in hp. 





impedance, expressed in henrys. For a valve torque motor having 






coupling effects. 


Dither Alow amplitude, relatively high-frequency periodic electri- hp = Control flow. cis x Load pressure drop. psi 
cal signal sometimes superimposed on the servovalve input to im- 6600 
prove system resolution. Dither is expressed by the dither fre- i | l f | 
quency (Hz) and the peak-to-peak dither current amplitude Polarity The relationship between the direction of control flow 
(milliamps). and the direction of the input current. 
Threshold The increment of input current required to produce a 
STATIC PERFORMANCE change in valve output. expressed as percentage of rated current: 
CHARACTERISTICS sometimes called resolution.* Threshold is normally specified as 
Control Flow, also called Load Flow* or Flow Output* The fluid the current increment encountered when changing the direction 
flow passing through the valve control ports, expressed in cubic of application of input current. 
inches per second (cis) or gallons per minute (gpm). In testing a Hysteresis The difference in the valve input currents required to 
four-way servovalve, flow passing out one control port is assumed produce the same valve output during a single cycle of valve input 
equal to the flow passing in the other. This assumption is valid current when cycled at a rate below that at which dynamic effects 
for no-load valve testing with a symmetrical load (e.g., with an are important. Hysteresis is normally specified as the maximum 


gt 


“These terms are not recommended. 





*These terms are not recommended. 
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4 6 FLUID POWER COMPONENTS 


rent. Hysteresis effects may be discounted by taking the arithme- 
tic average of the null bias currents measured on a symmetrical 
hysteresis loop. 

Null Shift The change in null bias required as a result of a 
change in operating conditions of environment, expressed-as-a 
percentage of rated current. Null shift, sometimes called center- 
shift,* may occur with changes in supply pressure. temperature. 
and other operating conditions. 

Null Pressure The pressure existing at both control ports at null, 
expressed in psi: sometimes called centering pressure.* 

Null Pressure Gain* The slope of the pressure gain characteris- 
tics at null. expressed in psi/ma. 

Null Flow Gain* The slope of the control flow versus input cur- 
rent relationship at null, expressed in cis/ma. Null flow gain may 
be between 0 and 200% of the nominal flow gain due to the lap 
condition. 

Null Leakage The total valve internal leakage flow at null, ex- 
pressed in cis. 


DYNAMIC CHARACTERISTICS 


Frequency Response The complex ratio of control flow to input 
current as the current is varied sinusoidally over a range of fre- 
quencies. Frequency response is normally measured with con- 
stant input current amplitude and zero load pressure drop, and is 
expressed by the amplitude ratio and phase angle. Valve frequency 
response may vary with the input current amplitude. tempera- 
ture, supply pressure. and other operating conditions. 
Amplitude Ratio The ratio of the contro} flow amplitude to a si- 
nusoidal input current amplitude at a particular frequency di- 
vided by the same ratio at a specified low frequency (usually 5 or 
10 Hz). Amplitude ratio (AR) may be expressed in decibels where 
db = 20 log,¿AR. 

Phase Angle The time separation between a sinusoidal input 
current and the corresponding variation of control flow, measured 
at a specified frequency and expressed in degrees (deg — time sep- 
aration, sec x frequency; Hz x 360). 


Proportional valve and servovalve testing can be either simple or 
extremely complex depending on the test required and the system 
architecture. in the simple end of the test spectrum these valves are 
tested for the operating characteristics listed at the beginning of 
this valve test section. One important test is contamination toler- 
ance. In sorne cases, these valves can operate in systems with 25- 


*These terms are not recommended. 
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micron filtration or worse. In other cases, 3-micron absolute filtra- 
tion is not sufficient to allow adequate service life for the required 
application. 

Servovalve testing generally is listed in four different categories: 
electrical, static tests (point-by-point data), static tests (continuous 
data), and dynamic tests. 

Electrica] testing includes coil DC resistance, coil inductance. and 
insulation resistance. 

Point-by-point data static tests include null point adjustment. 
valve polarity, pressure gain characteristics, internal leakage, no- 
load flow characteristics, hysteresis. threshold. loaded flow charac- 
teristics. null shift with supply pressure, null shift with return pres- 
sure, null shift with quiescent current, null shift with temperature. 
and null shift with acceleration. 

Continuous data static tests include blocked load characteristics, 
internal leakage, no-load flow characteristics, and threshold and 
loaded flow characteristics. 

Dynamic tests include amplitude ratio, phase angle, frequency re- 
sponse, change in frequency response with supply pressure, and 
transient response. 


PROPORTIONAL VALVES 


The proportional valve is less expensive and less accurate than the 
servovalve. Proportional systems, if calibrated accurately, can pro- 
vide quite exceptional results. However. in systems requiring fast 
response, excellent repeatability, and precise control under varying 
conditions, servovalves are the obvious choice. 

The heart of the proportional valve is the proportional solenoid. 
Unlike a simple on—off coil as used in directional valves, the propor- 
tional coil provides plunger position proportional to input current. 
A proportional valve (Fig. 1.30) resembles a standard four-way sole- 
noid valve. The coil is either available with or without a feedback 
device. ^enerally, when feedback is required ( closed-loop svstem). a 
linear variable differential transformer (LVDT) is used. The LVDT 
sends a signal back to the valve electronics to verify spool or coil 
plunger position. (See Chapter 2 for a detailed description of LVDT 
operation.) Feedback is used to provide improved hysteresis charac- 
teristics of the valve. Hysteresis in this case applies to the repeatabil- 
ity of spool position at the same input current signal. 

The proportional coil is used to position a spool at any point along 
the full spool stroke. The spool has tapered, notched. or grooved 
edges to provide metering control at various points throughout the 
Stroke. In general applications, these edges are designed to achieve 
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plunger is used to adjust an orifice opening. The valve then acts 
as a normal pressure-compensated flow control. The control piston 
hydraulically balances itself to provide a constant flow rate based on 
the.sensed differential pressure across the orifice. 


SERVOVALVES 


There are various designs of servovalves. To obtain the maximum 
system performance in an exacting situation, careful selection of the 
proper valve is required. The servovalve industry is unique, in that 
few manufacturers are capable of producing a product with the re- 
peatability and control required. This product is extremely special- 
ized. 

A servovalve can be supplied in a single-stage. two-stage, or three- 
stage design. The valve ports are controlled either by a spool (similar 
to a four-way valve) or flappers, which throttle the main ports. The 
servovalve receives an electronic signal from a manual or automatic 
output, and converts the signal to a proportional port opening. 

The main difference between proportional] valves and servovalves 
is controllability and response time. All servovalves use some type of 
feedback signal to sense the variation between the input signal and 
valve position. The high response characteristics can also provide a 
system that oscillates continually owing-to the-natural fluctuations 
within the system. A valve cannot respond immediately to a sensed 
change. so a condition may exist where the actual output and de- 
sired output are shifting back and forth trying to match each other. 

The main valve spool (in two-stage designs) is hydraulically 
shifted to a position that creates desired system output. Output is 
either measured as flow or pressure. The hydraulic pilot signal is 
generated by a device that responds to an input electric signal. The 
signal is proportional] to the desired valve position within the opera- 
ting range of the valve. These devices are flapper. spool, or jet-pipe 
designs. which vary a differential pressure signal to both sides of 
the main spool. Spool position is then monitored with a position 
feedback device. ~ 

Internal valve feedback is generally obtained by a mechanical, hy- 
draulic, or electric signal. In mechanical designs. the pilot spool and 
main spool are either directly connected or indirectly connected by 
force springs. The second method allows adjustment of the ratio be- 
tween the two spools. Hydraulic feedback is generally accomplished 
as a pressure signal acting to balance the main spool. The pressure 
signal is generated by the variation of outlet pressure versus sensed 
internal valve pressure. In some designs, spool force is also sensed 
to obtain an additional source of feedback signal. Electric feedback 
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is usually accomplished through the use of an LVDT sensing spool 
position. In this instance, the valve electronics is used to process 
the input signal data and actual position data to control desired hy- 
draulic output. 

In a single-stage design the spool is directly controlled by a torque 
motor or similar device. The motor adjusts spool position, which 
creates a fixed orifice across the main ports. This orifice is used to 
control pressure or flow rate. Other devices include force motors or 
proportional solenoids. 

In the two-stage design depicted in Fig. 1.34, the feedback source 
is a wire attached to the torque motor armature and moved by the 
main stage spool. The spool position is actually measured as wire 
force. The pilot stage consists of a double nozzle controlled by a flap- 
per attached to a torque motor. A command signal actuates the 
torque motor and the flapper shifts to a position that produces a 
differential hydraulic pilot source between the two nozzles. This im- 
balance shifts the main spool until the spool shifts to the point at 
which the feedback wire is in line with the torque motor armature. 
This alignment maintains the spool position keeping the system in 
balance until either the input signal is changed or the load changes 
causing the servovalve to compensate for this change. 

In a-three-stage design (Fig.1.35) the main spool is hvdraulically 
balanced by the pilot signal from a two-stage servovalve configura- 
tion. In this case, the pilot section consists of a torque motor (1) 
and a jet flapper (2) used as a hydraulic amplifier. The flapper is 
used to create differential pressure between both sides af the second 
stage spool (chambers 10 and 14). This positions the spool to allow 
another source of differential pressure on both sides of the main 





VALVE RESPONDING 
TO CHANGE IN 
ELECTRICAL INPUT 





Fig. 1.34. Two-stage 
servovalve. (Courtesy 
Moog. Inc.) 
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54 FLUID POWER COMPONENTS 


1.3.6 Pneumatic Valves 


Pneumatic valves basically operate the same as hydraulic valves, 
except orifices and flow passages are designed somewhat differently. 
All the tests previously described for each valve type apply for the 
most part. Cycle testing, internal and external leakage, minimum 
and maximum ratings for flow, pressure, operating voltage, etc., all 
apply. 

The main difference in pneumatic components is the method 
used in rating flow and pressure capacity. Flow is usually rated at a 
C, factor. C, is defined as the number of U.S. gallons of water that 
pass through a given orifice area in 1 min at a pressure drop of 1 
psi. This rating is applied to a valve to predict the pressure drop at 
compressed flow. The compressibility of air is a key factor, because 
actual flow (ACFM) versus free air flow (SCFM) varies, depending on 
system pressure. The following formulas are commonly applied to 
determine flow and pressure relationships for pneumatic compo- 
nents: 


ey, fe = ¿O 
° 22.48 (P, - P,) P; 
where 
Q = Flow in SCFM (14.7 psia (9 60°F) 
P, = Inlet absolute pressure (psi + 14.7) 
P, = Outlet absolute pressure (psi + 14.7) (Note: P; must be 
greater than 0.53 x P) 
G = Specific gravity of flowing medium (air, G = 1) 
T = Absolute air temperature (460 + °F) 
.[24P 
Q = C.A, Wa 
12 AP 
O = (ca, 2-026) SG 
v — t 
C, 
Or 
AP 
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where 
Q = flow (in.*/sec) 
Ca = Orifice discharge coefficient (0.611 for a sharp-edged ori- 
fice) 
A, = Area of orifice (in.?) 
AP = Pressure drop across the orifice (Ibf/in.?) 


D, = Density of water 





SG - Specific gravity of fluid 
ACFM = SCFM x Se 
Boyle's Law: 
P, V, = P, V, 
or 
CUNEO 
V; P 
Charles' Law: 
Yr? 2d 
V T. 
where 
P, = Original absolute pressure 
P, = New absolute pressure 
V, = Original volume 
V, = New volume 
T, - Original absolute pressure 
T, = New absolute pressure 
ACFM - Actual cubic feet per minute 


SCFM - Standard cubic feet per minute 


1.4 Cylinders and Rotary Actuators 


Transmission of the force generated by a hydraulic system is ac- 
complished by cylinders for linear travel, rotary actuators for limited 
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V. 
- Mounting Style Strength The mechanical integrity of the cvlin- 


Euler load examples fr WW . 
! der mount is important data when applied to a system. Improper 
| Case 1 | Case 2 Case3 | Case 4 installation can ca tal fati Ç ive si 
| BE CERE) | in use metal fatigue and excessive side loading to 
| one end pivoted | two end rigidly fixed the rod or tube assembly. These data can be obtained through 
| 


and rigidly guided, | and rigidly guided | calculation or bv actual simulation testing. 
one end rigidly fixed | r = 








ng 








one end free, | two ends pivoted 
One end rigidly fixed | and rigidly guided 
| 


e | 


uler loadi 


| 











1.4.2 Rotary Actuators 


Similar in design to cylinders are piston rotary actuators that con- 
vert the linear motion of a piston (or pistons) to rotary motion. This 
is accomplished bv several methods including rack-and-pinion (Fig. 
1.40). piston-and-chain. and Scotch-voke designs. A vane actuator 
is also available that has similar features to a vane pump. with the 
exception that travel is limited bv internal stops. Also, a piston and 
helix design operates like a cylinder. As the piston moves. inter- 
meshing rotary helical gears between the piston and output shaft, 
turn the shaft. 

All designs provide limited rotary motion and are basically tested 
in the same manner. Output torque is relatively constant in most 
designs except for the Scotch-yoke design. where torque drops off 
slightly in midstroke, owing to the design of the piston-shaft inter- 
connection. A pin mounted to the piston pushes a slotted voke 
attached to the output shaft. Torque. is greatest at both ends-of 


Ax. 


ZZ llth 


Hlustration. 














4 | Note 

z | Gutoe load 
` | carefully. 
since load- 





loading 
| to De 
expected 





Installation situation 
of hydraulic cylinder 








Fig.1.39. Euler table (free buckling length]. (Courtesy Rexroth Corp.) 


The length to be stated as free buckling length must be taken 


from the Euler table in Fig—1-39. Reinforcement by the cylinder travel because the torque arm is farthest from the output shaft cen- 
tube is not taken into account in the calculation. terline at these points. 

Bearing Load and Wear The bearing surfaces that are subjected Testing of rotary actuators includes most of the tests described 
to the loads applied from external forces are tested to determine for cylinders. One unique rating applied to these devices is back: 
wear and maximum permissible load capacities-1n-many applica- lash. This rating identifies the reverse movement of the rotarv out- 
tions a cylinder is subjected to extreme side loads from forces not Put shaft after pressure has been vented. Mechanical linkage con- 
parallel to the rod force vector. This pushes the rod against one necting linear and rotary-movement components can cause 
side of the rod bearing. and the piston against the opposite side backlash because of the buildup of manufacturing tolerances and 


of the tube. Eventually these surfaces wear. aided by contamina- 

tion. and internal and external leaks appear. In more severe cases. 

mechanical deformation of bearing surfaces occurs resulting in 

component failure. 

Contaminate Ingression Rod seals are tested to determine their 

ability to prevent ambient contamination from entering the svs- 

tem when the cylinder retracts. Cylinders can be used in harsh. 

dirty environments such as those found in the mobile equipment 

industry. Effective rod seal design prevents these contaminates 

from entering and causing component failure within the system. 

Cycle Life Cylinder manufacturers conduct cycle tests on cylin- 

ders at varying ambient conditions to predict operating life in a 

given situation. These conditions can include typical factorv envi- Fig. 1.40. Rack-and-pinion de- 
ronments as well as extreme temperature, atmospheric contami- Sign rotary actuator. 
nation, speed, and shock. (Courtesy Flo-Tork, Inc.) 
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ure where contaminates retained in the element can be released 
downstream. 

Clean Pressure Drop This is the differential pressure across an 
element at initial installation. This rating is defined at a specific 
flow.-temperature., and fluid viscosity. 

Maximum Pressure Drop This is the maximum differential pres- 
sure across an element that is recommended by the manufac- 
turer. This is usually a point below collapse pressure with a degree 
of safety margin. Bypass valves in the housing are usually sized 
to open at this point. Differential indicators (mechanical and elec- 
tric) within the housing are used to signal an operator when this 
point is reached so that the element can be cleaned or replaced. 
Flow Rate Flow rate is the flow at which the element produces a 
certain pressure drop. This rating can be used to define maxi- 
mum flow capable of passing through the element, but more often 
is used to determine flow versus pressure drop. 


Cleanliness Classification by Number of Particles Greater than 10 
Microns in Size per 100 Millilitres 


Contamination Standard 





Class and Particle Count 





ISO Std. Class 1815 17/14 16/13 15/12 14/11 13/0 12/9 
Number of particles 77950—38975 19487 97444872 2436 1218 
SAE Standard Class 6 5 4 3 2 1 0 

Number of Particles 49592 25001 12456 6261 3121 158] 780 





NAS 1638 Aerospace Industry Cleanliness Requirements of Parts 
Used in Hydraulic Systems—Maximum Contamination Limits 
(Number of Particles per 100 ml) 














Classes 
Size Range 

(microns) 00 0 1 2 3 4 5 6 
5-15 125 250 500 1000 2000 4000 8000 16,000 
15-25 22 44 -89 178 356 712 1,425 2.850 
25—50 4 8 16 32 63 126 253 506 
50—100 1 2 3 6 11 22 45 90 
over 100 0 0 1 1 2 4 8 16 

7 8 9 10 11 12 


5-15 32.000 64,000 125.000 256.000 512.000 1,024,000 
15-25 5.700 11,400 22.800 45.600 91.200 182.400 
25-50 1,012 2.025 4,050 8,100 16.200 32.400 
50-100 180 350 720 1.440 2.880 5.760 


over 100 32 64 128 256 512 1.024 
—————Á—— a a à 0 A 
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Note: In addition to the preceding ratings, filters are often sub- 
jected to mechanical and ambient extremes prior to establishing a 
rating for a particular application. For example, a filter may be ex- 
posed to high-level mechanical shock or vibration and then tested 
for degredation of performance. Likewise, temperature extremes are 
applied to determine the affect on element bonding media. elasto- 
mers, or element performance. Element deteriorization may surface 
as embrittlement, fluid absorption or disintegration. 
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Flow Rate The expression of fluid or gas flow defined by the fol- 
lowing common terms: 


ACFM -— actual cubic feet per minute: This is the compressed 
volume of a gas at pressure and is calculated by 








e 14.7 psig T 
ACFM = SCFM x P x 50°F 
or 
P 60°F 
SCFM = ACFM x TERS psig x T 
where 


P = measured gas pressure in absolute terms 
(measured pressure psig + 14.7 = psia) 

T = measured gas temperature in absolute terms 
(measured temperature °F + 460°F) 


cc/min = cubic centimeters per minute 

gph = gallons per hour 

gpm = gallons per minute 

in.?/min = cubic inches per minute 

pph = pounds per hour 

ppm = pounds per minute 

SCCM = standard cubic centimeters per minute 

SCFH = standard cubic feet per hour 

SCFM = standard cubic feet per minute 

SLPH = standard liters per hour 

SLPM = standard liters per minute 
Flow Straightener A length of straight tubing with baffles in or- 
der to provide laminar flow into a turbine flowmeter. 
Frequency Response The time (in milleseconds) a flowmeter can 
react to a change in flow rate. 
F.S. Full scale, the term used to define the operating range of a 
meter. This term is often used-to define accuracy. A flowmeter 
with a full scale accuracy of + 1% and a flow range of 1-10 gpm 
will have an accuracy of + 0.1 gpm. 
Hz Hertz. the term used to depict frequency: 1 Hz = 1 cycle per 
second. 
Hysteresis The difference of flowmeter output, at the same flow 
value, when readings are taken during increasing flow versus dur- 
ing decreasing flow. 
K Factor The number of pulses a flowmeter produces for a given 
flow rate. 


il 
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Laminar Flow Smooth flow, where viscous forces are greater 
than inertial forces, generally below a Reynolds number of 2000. 
Linearity The percent deviation output tolerance a flowmeter will 
produce over the entire flowrange. 

Linearizer An electronic module that compensates for pulse out- 
put errors due to nonlinearities caused by fluid characteristics or 
meter design. 

Magnetic Pickup A proximity device that provides an electric 
pulse each time a magnetic material passes within its sensing 
range. 

NIST National Institute of Standards and Technology (formerly 
National Bureau of Standards. NBS). 

Overrange The amount of flow a flowmeter can pass without 
damage or decreased service life. 

8 Flow. 

Repeatability The percent deviation a flowmeter will produce 
with identical flow characteristics. 

Resolution The largest amount of output step changes possible 
as the measured amount is varied over its entire range. Generally 
defined as a percentage of full scale output. 

Reynold's Number The ratio of inertial to viscous forces in a 
fluid. defined by the formula 


Re = D = R= xex Gt 
where 
P = density of fluid 
u = viscosity in centipoise 
V = velocity 
D - inside diameter of pipe 
Q — flow rate 
Gt = specific gravity of fluid 


RF Pickup A modulated carrier pickup whose frequency is al- 
tered when a certain material passes within its sensing range. 
Sonic Velocity The point at which flow velocity approaches the 
speed of sound. In flowmeters these shock waves cause erratic 
output. 

Specific Gravity A number which defines the ratio of the weight 
of a fluid to the reference weight of water, both of the same vol- 
urne. For gases, the weight of air is used as the reference point. 
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FLOW STRAIGHTENER 
SNAP RING 
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Fig. 2.2. Turbine flowmeter components (Courtesy AMETEK. Inc., Cox Instru- 
ments.) 


tolerance band. This band is called linearity and is generally ex- 
pressed as percentage accuracy of full scale or percentage accuracy 
of reading. (See Fig. 2.3.) When purchasing a meter of this type. it 
is very important to specify the fluid and viscosity so that a K factor 
is derived for the fluid used. Not only must the fluid viscosity change 
due to the temperature to be analyzed. but the viscosity change due 
to pressure, must be considered if the meter is installed in a system 
with a wide pressure swing. For a complete description of this phe- 
nomena, see Chapter 4. Flowmeter Inaccuracy. 

Once the fluid viscosity is known, an accurate K factor can be pro- 
duced. Depending on the accuracy required. calibration can be veri- 
fied at multiple points along the flow range of the meter: these are 
generally 10-, 20-. or 30-point calibration checks. For example, a 
meter with a range of 1-20 gpm will be checked at every 1 gpm flow 
increment for actual pulse output. This will determine the linearity 
of that meter at that viscosity. If it is determined that the actual K 
factor curve is outside the specified flowmeter accuracy. a lineariza- 
tion circuit can be applied to the meter electronics to compensate 
for this variation. 

Turbine flowmeters typically have a flow range turndown of 10:1. 
This means that a meter with an upper limit of 20 gpm will go down 
as low as 2 gpm within the linear accuracy range. Again. with a lin- 
earizer or, rarely, where the fluid viscosity is acceptable at lower or 
higher flows, a meter can be provided with an extended turndown 
ratio of up to 100:1. To overcome magnetic drag on the low end, the 
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FLOW (GPM) 
































Fig. 2.3. Flowmeter linearity. FREQUENCY (HZ) 


magnetic pickup can be replaced with a modulated carrier pickup 
that provides low drag, which equates to wider flow ranges. This 
requires different electronics in order to demodulate, filter. amplify, 
and shape the signal transmitted from the pickup. The magnetic 
pickup design produces a high-level output pulse that is easy to de- 
tect and, therefore. less electronic circuitry is required to produce 
usable information. 

The meter requires laminar flow to provide accurate readings. 
Flow straighteners are installed before and after the rotor to accom- 
plish this within the meter. It is also very important to install the 
meter in a section of straight tubing usually 10 diameters in length 
upstream of the meter and 5 diameters downstream. (This may vary 
slightly from one meter to the next.) 

Another important consideration is flowmeter response time. Cer- 
tain tests require instantaneous data to obtain high accuracy. Tur- 
bine flowmeters and their associated electronics can require up to 
several seconds before actual flow rate is detected. The turbine me- 
ters themselves have fast response. generally around 50 msec or so, 
but this depends on the system itself (theload) and how long ittakes 
the column of oil to start moving and stabilizing. In addition to this 
time, add the response of the electronic conversion circuitry, which 
can run from about 100 msec to 3 sec depending on the method of 
pulse to readout conversion. 

Typical turbine meter systems require about 20 cycles of pulse in- 
put before conversion signals stabilize. Then the actual response 
time would depend on the size or range of the turbine block and the 
actual flow being read. 
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pled to an outside indicator. Various float materials are used to pro- 
vide higher and lower ranges for the same tube. Because the meter 
works on the fluid force versus float weight principle. increased or 
decreased float weight changes the reading. 

The rotameter is a viscosity-sensitive device, so actual fluid viscos- 
ity at operating temperature and pressure should be known when 
ordering a meter. 


2.1.3 Positive-Displacement Flowmeters 


One of the most accurate flowmeters used for fluid power testing 
is the positive-displacement meter. Several design variations are 
available, which include gear type. helical gear. reciprocating piston 
type or wobble disk type. Figure 2.5 depicts a helical-gear-type meter 
with two intermeshing gears and a pickup. As fluid passes between 
the gears, causing them to rotate, the pickup provides a pulse out- 
put that is translated into a flow rate by the electronics package. 
Pulse rate is directly proportional to flow with little deviation caused 
by mechanical drag or viscosity. Internal tolerances of positive-dis- 
placement meters are extremely tight, so leakage is held to a mini- 
mum. Another feature of this meter is the extremely low-flow-rate 
capability possible. This allows positive-displacement meters to be 
very useful in leakage testing with highly accurate test results. Be- 
cause of this low-end capability. another benefit produced is very 
wide flow rate ranges. Unlike turbine meters that eventually stall at 
the low end due to drag, the positive-displacement meter must keep 
turning. What goes in. must come out. Therefore. depending on 
how stable the electronic circuitry is at the low end due to filtering 
or pulse averaging time. a meter can provide measurement as low 


Fig. 2.5. Helical-gear positive-dis- 
placement flowmeter. (Courtesy 
Max Machinery. Inc.) 
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as 0.0003 gpm with a 5000:1 turndown ratio, maintaining 0.5% of 
reading accuracy. Flow straighteners or straight lengths of tubing 
are not required. 

These meters provide high accuracy. high turndown ratio, low 
flow capability, and viscosity change insensitivity and they have 
high-pressure capability. The few drawbacks include high price, 
higher pressure drops on the high end of the scale, and increased 
sensitivity to contamination. 


POSITIVE-DISPLACEMENT METER 
ELECTRONICS 


Because the viscosity's effect on the pulse rate is negligible in posi- 
tive-displacement meters, no compensation is required for linearity, 
temperature, or pressure variations. A direct conversion of pulses/ 
gallon is usually all that is required. This electronics package usu- 
ally consists of a signal amplifier/converter and a pulse counter/con- 
verter. The counter senses pulses over a given time base to provide 
an average flow rate. This time rate affects the response time of the 
system. If the time base is too small, the readout could change too 
fast, resulting in difficult readings or data collection. A long time 
base results in a slow response system. Most packages available 
have an adjustment to provide an_adjustable sample_time_to allow_a 
stable reading with low response characteristics. 

Some positive-displacement flowmeter systems can be provided 
with extremely fast response readings. Rather than using the num- 
ber of pulses over a given time period method, they actually measure 
the time of one complete pulse. Response times for the full system 
can be as high as 15 msec. 


2.1.4 Inline Piston and Spring Flowmeters 


The inline piston and spring flowmeter (Fig. 2.6) is designed for 
general service and test systems where + 5% full scale accuracy is 
sufficient. Visual indication of flow is provided by a "floating" indi- 
cator ring enclosed within an acrylic guard with a flow scale. The 
indicator is magnetically coupled to a sliding piston assembly, 
which acts against a spring. As flow increases, the piston is pushed 
against the spring until balance is achieved between spring force 
and the.orifice opening in the piston. Orifice area changes with pis- 
ton movement due to a metering cone, which increases area with 
increasing flow. 

Viscosity has some affect on reading accuracy, as does fluid den- 
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Fig. 2.9. Thermal-sensing flowmeter/controller. (Courtesy MKS Instruments, 
Inc.) 


twist. The amount of twist is linearly proportional to flow rate. This 
change in movement is measured by magnetic sensors, and this sig- 
nal is converted to a workable electronic signal for flow rate output. 

Another type of mass flowmeter is a unit that uses thermal sens- 
ing as a detection technique. The capacity of a gas stream to convey 
heat is proportional to the product of mass flow and specific heat. 
Since the specific heat of gases varies only slightly with temperature 
and pressure, heat-transfer techniques of flow measurement will re- 
spond directly to mass flow. 

A thermal-sensing flowmeter is depicted in Fig. 2.9. in this de- 
sign, the flow sensor is a tube several inches long with a very small 
ID. The center of the tube is wound with two adjacent coils of electri- 
cal wire. These two coils uniformly heat the central section of tubing 
and act as resistance thermometers. which sense the temperature 
difference between the upstream and downstream coils. The, coils 
are connected in series and power a part of a bridge circuit balanced 
at zero flow. When gas flows through the tube, the upstream coil is 
cooled more than the downstream coil and the bridge circuit be- 
comes imbalanced. This imbalance is calibrated to provide a voltag 
output proportional to mass flow. 

These meters are relatively accurate (+ 1% full scale), have ex- 
tremely low-flow sensing capability, and are excellent for detecting 
leakage flow rates. This design requires recalibration for a change 
of test media with different heat-transfer characteristics. 


2.1.8 Paddle-Type Flowmeters 


‘A paddle-type flowmeter incorporates a rotating paddle that pro- 
vides a pulse output proportional to fluid velocity. The tip of the pad- 
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Fig. 2.10. Paddle-type 
flowmeter. (Courtesy 
Beckman Industrial Corp.) 


die protrudes into the flow stream (Fig. 2.10) and a magnetic pickup 
is used to sense the pulse frequency. The frequency is then con- 
verted into actual engineering units based on the calibration of the 
meter. 

Accuracy of this type of unit is typically in the area of + 1% full 
scale. 


2.1.9 Vortex Flowmeters 


Vortex flowmeters can provide relatively accurate readings at high 
flow rates. It is based on the principle that as fluid flows past an 
unstreamlined object. called a "bluff body." the fluid boundary lay- 
ers roll into vortices at frequencies proportional to the flow velocity 
(Fig. 2.11). The vortex-shedding frequency is proportionatk to the 
width of the bluff body. This ratio of proportionality is called a 
Strouhal number. 

The shed frequency is then sensed and converted to an output 
linear to flow rate. Frequency can be sensed by a piezoelectric crystal 
element that senses induced strain in the bluff body shedder bar. 


Fig. 2.11. Vortex flowmeter 
operating principle. (Courtesy 
Brooks Instrument Division, Em- 
erson Electric Co.) 
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Fig. 2.12. Pressure gage. (Courtesy 
Marsh Instrument Co.) 





movement is amplified by some mechanical means (rack and pinion 
gears, etc.) in order to produce sufficient pointer travel. The accu- 
racy of the translation of bourdon tube movement to pointer move- 
ment including mechanical friction defines the total gage accuracy. 
Typical gage accuracy can be anywhere from + 5% to + 0.1% full 
scale. 

Other than range and accuracy. an important factor to consider 
when selecting a gage is the number of divisions on the dial face. 
The more divisions, the more accurate the reading. On very accurate 
test gages. a mirrored scale can be provided to prevent misreading 
due to parallax viewing. If an operator is standing at an angle to the 
gage. the distance between the pointer and the dial face can create 
a false reading. A mirror Surrounding the divisions and behind the 
pointer, helps to alleviate this problem. 


Fig. 2.13. Bourdon tube design. 
(Courtesy Marsh Instrument Co.) 
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Fig. 2.14. Diaphragm gage design. 
(Courtesy Dwyer Instruments, Inc.) 


There are several mechanical methods used to convert pressure to 
dial movement. the bourdon tube method as just described. is the 
most common. For low-pressure measurement, the diaphragm 
method should be noted. As shown in Fig. 2.14-a diaphragm gage 
converts pressure into movement with a diaphragm connected to a 
mechanical linkage. 


a 2.2.2 Manometers 


An extremely accurate and relativelv inexpensive instrument used 
for low-pressure measurement is the manometer as shown in F ig. 
2.15. The device uses a U-shaped tube that is partially filled with a 
measuring fluid. One end of the tube is subjected to the test pres- 
sure, while the other end is either open to atmosphere for psig read- 
ings or connected to a secondary pressure source for psid readings. 
The measuring fluid is displaced as a balance of pressure versus the 
specific gravity of the fluid. The scale is divided to depict the weight 
of the fluid in terms of psi. Fluid on the pressurized side will be 
pushed down by the measured air pressure and forced up the vented 
side of the tube. The difference between these two columns of fluid 
as referenced to zero when both sides are balanced is the resultant 
pressure reading. 

Other manometer designs, such as the well-type manometer, help 
ease readings by maintaining the reference side at a larger volume 
or by compensating the scale on the pressure side. 
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Differential 
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Nonlinear 
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0-5K 4 


Diffused 
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Fig. 2.16. Pressure transducer characteristic chart. 
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Temperature Compensation This defines the range that a trans- 
ducer will perform to its specified tolerances with compensating 
circuitry, or just by the nature of its design. 

Temperature Error (Thermal Sensitivity) This defines the varia- 
tion of transducer output based on temperature deviation from 
room temperature. 

Thermal Zero Shift This is the rating applied to define a trans- 
ducer's zero output change based on temperature fluctuations. 
This shift affects the entire set range and shifts the total scale up 
or down accordingly. 

Young's Modulus This is used to define the ratio of normal stress 
to strain. 

Zero Balance This is the measured output at no pressure under 
room conditions. Absolute transducers use a value of O psia. while 
gage and sealed transducers use a value equal to atmospheric 
pressure. 


Figure 2.16 is a cross reference of various pressure transducer 
types. This should be used for general reference, since new products 
are always coming into the market. 

The following pages contain a more in-depth review of various 
transducer types. These specifications apply for both transducers 
(Fig. 2.17) and transmitters (Fig. 2.18). A transducer requires exter- 





Rear Housing 





awe Encapsulated Inegratec 
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Fig. 2.17. Pressure transducer. (Courtesy Viatran Corp.) 
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AX INS 
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ACCELERATION RE EPONSE 






Fig. 2.20. Variable reluctance transducer design. (Courtesy Validyne Engi- 
neering Corp.) 


demodulator that amplifies and rectifies (demodulates) the output 
to a dc output. 


CAPACITIVE TRANSDUCERS 


Capacitive transducers incorporate either two metallized quartz 
plates with a glass seal between them or a glass seal with silicon 
fused to both sides. The basic concept uses one side as the plate of 
a capacitor. As pressure deflects the diaphragm. it moves closer to 
the other plate increasing the capacitance of the device. This change 
of capacitance is not always linear and compensation may be re- 
quired in the signal conditioner to linearize the output. 


P-Q-T-E-N-T-1-O-M-E-T-E-R— T-R-A-N-5-BE-9-C-E-R-S 


Potentiometer transducers use a flexible pressure-sensing ele- 
ment to position a potentiometer, which provides an output based 
on pressure. The sensing element can be a diaphragm. bourdon 
tube. or any type of device that mechanically flexes under pressure. 
Output is not always linear with this device. so electronic lineariza- 
tion or calibration is pro'ded to compensate for this error. 

Excitation voltage is supplied to the potentiometer and the sens- 
ing element is connected to the wiper of the potentiometer. The wi- 
per moves with pressure changes, thus producing a variable output 
voltage proportional to excitation voltage. Friction error is caused by 
the force required to mechanically position the wiper mechanism. 


PIEZORESISTIVE TRANSDUCERS 


Piezoresistive transducers work in a similar fashion to the strain 
gage type transducers described previously. but they use a crystal- 
line silicon medium to sense pressure. This medium contains pie- 
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zoresistors that are diffused into the material. overcoming problems 
such as temperature sensitivity and hysteresis due to thermoelastic 
strain and bonding degradation associated with wire strain gages. 
Silicon, being a perfect crystal. does not become perfectly stretched. 
returns to its original shape, and has excellent elasticity character- 
istics. 

Typically, four piezoresistors are connected in a Wheatstone 
bridge circuit and as pressure causes the thin diaphragm to bend. 
the stress or strain is detected as the increase or decrease of resis- 
tance from each piezoresistor. Again. excitation voltage to the 
bridge is provided and output voltage is proportional to the excita- 
tion voltage and the amount or resistance change. 


PRESSURE TRANSDUCER ELECTRONICS 


Now that several types of pressure transducers have been re- 
viewed. a brief description of the electronics required may be help- 
ful. Also, note that there are many other transducer design tech- 
niques available that are not mentioned here. The types described 
are commonly used for fluid power testing. are ruggedly designed to 
withstand shock and vibration. and have strong signal output. 

All transducers require excitation voltage, which either is pro- 
vided from a regulated power supply or is supplied as part of the 
signal conditioner. A transducer cannot provide an output without 
an input. When choosing a transducer signal conditioner, check to 
make sure the excitation output and voltage input from the trans- 
ducer are compatible. 

The conditioner will generally have a zero and span adjustment to 
set the conditioner to the calibrated value of the transducer. Each 
transducer will be supplied with a calibrated mV/V output per some 
reference of pressure. This output value is appropriate for that 
transducer only. owing to error-causing mechanical and electronic 
effects. In some cases, shunt calibration is supplied on the condi- 
tioner, which can be used to simulate a pressure and is very helpful 
in setting the zero and span initially. as well as allowing easy peri- 
odic calibration checks. This is accomplished with a fixed resistor 
that is shunted across one arm of the strain gage bridge: it produces 
an unbalance equivalent equal to an "equivalent value." This value 
is derived from the shunt calibration output, the full scale output 
and the full scale display value and is expressed as 






Shunt calibration output in mV/V 
Full scale output in mV/V 





Equivalent value = 


X Full scale transducer rating (psi) 
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gether in a helix or circular coil and are sized to produce a certain 
movement when subjected to a specific temperature change. The 
coil is mechanically linked to the gage pointer to depict actual tem- 
perature. This type of thermometer is useful when direct mounting 
at the temperature source is possible. Make certain that the proper 
stem length is chosen in order to ensure that the temperature-sensi- 
tive end of the stem is directly in the flow path of the fluid. 


2.3.2 Vapor Tension Thermometers 


Vapor tension thermometers (Fig. 2.23) are used for remote read- 
ing of temperature. The system consists of a closed. vapor-filled 
bourdon tube and sensing bulb connected by capillary tubing. The 
sealed vapor expands and contracts with temperature changes 
which causes increases and decreases of vapor pressure within the 
closed system. The gage itself consists of a pointer mechanically 
linked to the bourdon tube just as described under pressure gages. 
The system is, in fact, a pressure-sensing arrangement. Because of 
the design. this type of thermometer can be recalibrated via a face- 


mounted adjustment screw. 


2.3.3 Thermocouples 


The most widely used electronic temperature sensor for fluid 
power testing is the thermocouple (Fig. 2.24). Its operation is based 


o O O WO-G a = 





Fig. 2.23. Vapor tension thermom- 
eter. (Courtesy Marsh Instrument 
Co.) 
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Fig. 2.24. Thermocouple probe. (Courtesy Minco Products Inc.) 


als forming a closed circuit are exposed to different temperatures. a 
net electromotive force is generated that induces a continuous elec- 
tric current. If the circuit were open on one end, the circuit would 
produce a voltage based on the junction temperature and the com- 
position of both metals used. 

Unfortunately, the system becomes more complicated because of 
the interconnection of the thermocouple and the electronics re- 
quired. The wire used between the two also produces a voltage ef- 
fect. which must be compensated for. This interconnection should 
be reviewed when a thermocouple system is purchased. In order to 
negate this effect. a reference junction is created so that the thermo- 
couple system measures the temperature difference between the ref- 
erence junction and the measuring junction (the point of measure- 

ert). Thi$ is accomplished by an electronic circuit consisting of 
a regulated power supply, a combination of fixed resistors, plus a 
temperature-sensitive resistor designed for the particular thermo- 
couple type. 

The output voltage versus temperature is nonlinear. so electronic 
Signal conditioners must compensate for this nonlinearity either by 
using polynomial equations or by referencing lookup tables based 
on NBS values for thermocouple voltage output. In addition. the 
voltage output is extremely small over the entire range, so system 
resolution must be extremely high. For example, a type K thermo- 
couple voltage output changes 4 pV for a 0. 1*C temperature change. 
This sensitivity then can be compounded by external noise. which 
can be picked up by the thermocouple wire. There.are several meth- 
ods of reducing or eliminating external noise; these methods in- 
clude analog filtering. tree switching. integration (noise averaging). 
and guarding (shielding). 

Thermocouples are manufactured with different materials that 
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resistance principle. where resistance decreases with increasing 
temperature. A thermister is relatively inexpensive, but owing to its 
nonlinear characteristics. more complex electronics are required to 
convert the output to actual temperature. This output can be some- 
what approximated by the Steinhart-Hart equation. 

The definite advantage of a thermister is its excellent sensitivity. 
This is approximately 40 mV/°C, where the RTDs are at about 2 
mV/"C and thermocouples are at about 0.05 mV/*C. 


2.3.6 IC Sensors 


Integrated circuit (IC) sensors are currently being used as a tem- 
perature monitor in certain applications. Their use is somewhat 
limited because until recently they have been too costly. These de- 
vices are available as current or voltage output devices and are rela- 
tively accurate and linear. They sense temperature by measuring the 
temperature variance in the base—emitter voltage (Vse) of a silicon 
transistor. Typical output is — 2.26 mV/C, which requires output 
amplification. 


2.3.7 Temperature Indicators/Controllers 


Temperature measurement is generally used for one of two (or 
both) reasons. First. fluid or air temperature is required to check 
component performance based on fluid temperature or ambient 
conditions. Fluid temperature readings are needed for viscosity. so 
accurate temperature readings are needed for viscosity-sensitive 
tests. Second. fluid temperature must be controlled at specific tem- 
peratures so these readings may be taken. 

Thermocouples. RTDs. thermisters, and IC sensors all require sig- 
nal conditioning and processing to convert the electric output of the 
device to a useful engineering unit. The mating of the proper signal 
conditioner is m: idatory if accurate measurements are to be taken. 
Figure 2.26 depicts a typical temperature indicator/controller. Aside 
from containing the signal processing and temperature display. it 
also provides output for control of external heating or cooling sub- 
circuits. 

Controllers typically used for hydraulic testing either turn a device 
on-or off for heating and cooling or provide a variable output for 
modulating a device. For cooling. an on—off cycle would be a solenoid 
valve on the water feed line of a water/oil heat exchanger. This is 
usually sufficient to maintain fluid temperature to + 5°F of set 
point. If higher accuracy is required. a modulating water valve can 
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Fig. 2.26. Temperature indicator/controller. (Courtesy Fenwal Inc.) 


be controlled by a variable output signal to open and close over a 
proportional range. These valves generally require an interface de- 
vice between the controller and valve actuator for proper operation. 
For example, a valve can be pneumatically operated over a 3-15 psi 
signal, 3 psi being closed and 15 psi being fully open. Within the 
pressure range the valve controls water flow rate. The controller. 
with an output of 4—20 mA or 0-5 Vdc.must interface into an electric 
to pneumatic proportional regulator to provide the 3-15 psi output 
required by the valve. 

System heating in most cases is generated by an on—off immer- 
sion or circulating heater. The heater is applied when assistance is 
required to bring temperature up to test temperature within a given 
period of time. The heater is usually started by a motor starter—re- 
lay. Some systems are capable of generating sufficient heat for all 
tests required, and cooling circuits are used to maintain tempera- 
ture at an upper limit. 

For these reasons. a temperature controller used for fluid power 
testing will either have one or two set point capability, either on—off 
or proportional output. A controller can be supplied with internal 
relays with sufficient current capacity to activate directly starter 
coils or solenoid valves for on—off applications. The options available 
for proportional control should be discussed to outline the flexibility 
of control. 


Rate of Automatic Reset This function allows a controller to 
sense rapid changes in temperature and allow for compensation 
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since output voltage is dependent on a minimum surface speed. 
Pickup output voltage is also affected by the gap between the gear 
and pickup. the gear tooth size, and the load impedence connected 
to the pickup. This relationship can be expressed as 


X diameter (in.) X 
Surface speed (ips) = EEN 


Your lowest speed requirement should be reviewed prior to purchas- 
ing a passive magnetic pickup system. Generally. in the speed 
ranges encountered for pump and motor tests, 100—200 rpm is 
about the lowest stable speed reading possible. 

To overcome this low-end sensing problem. the active or zero-ve- 
locity pickup can be used. It is not dependent on velocity for an out- 
put. It senses the position of the gear tooth using Hall-effect-type 
principles and produces constant amplitude logic pulses from zero 
to very high speeds. Each time a gear passes. the output switches 
from zero to a positive 5 V. Unlike the passive pickup. where voltage 
output is dependent on a number of factors, the active pickup pro- 
duces clean square-wave output pulses regardless of speed. 


2.5 Torque 


Measurement of rotational force (torque) defines the power re- 
quired to drive a pump. or the power a hvdraulic motor or rotary 
actuator can produce. Torque is generally defined in inch pounds or 


epu DS: 


torque is converted to horsepower and the following formulas apply: 


. torque (in.-Ibf) x rpm 
ur 63025 


Flow (gpm) x pressure (psi) 


HP = 3714 x lefficiency (overall) x 100] 
torque (in.-Ibf) = LE 
torque (in.-Ibf) = Sow gpm) x pressure Ip x 2071 
torque (in.-Ibf/100 psi = — a ie) 
HP x 5250 


torque (ft.-Ibf) = TE 
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2.5.1 Moment Arm Torque Method 


Torque can be measured in several ways, depending on the budget 
and accuracy requirements. One method used to test motors in 
a static condition is by attaching an arm to the output shaft and 
placing a force gage at a measured point on the arm, say at 1 ft 
from the motor shaft centerline. If the force gauge were calibrated 
in pounds of force. the actual reading would be read as foot pounds 
of torque. 

A similar method involves mounting an electric-motor-driven dy- 
namometer on bearings, for and aft. that are concentric with the 
drive shaft. Motor reaction torque, which equals pump driving 
torque. is measured at a torque arm on the motor housing. 


2.5.2 Hydraulic Pressure Torque Measurement 


It is common practice to drive pumps under test with a hydraulic 
motor, or to load motors under test by driving a hvdraulic pump 
across a relief valve. In either case it is possible to determine torque 
by calculating the equivalent torque of the drive motor or drive 
pump. By reading an accurate pressure gage and knowing the 
torque efficiency of the drive motor or driven pump the following 
formula can be used to approximate torque: 


pressure (psi) X displacement (in.*/rev) 





torque (in.-Ibf) = 


This is a theoretical calculation. Efficiency should be taken into 
account based on pressure and speed of the drive motor or driven 


pump. 


2.5.3 Electric Motor Current/Torque Conversion 


When testing a pump, and driving it with an electric motor. it is 
possible to measure amperage draw of the motor to determine input 
horsepower. However, there are several problems associated with 
this method. The input voltage to the motor can fluctuate. thus pro- 
ducing an error when reading amperage. Also. motor efficiency can 
vary and usually torque output decays with service life. This rela- 
tionship can be expressed as 


volts x amps X efficiency 


ie 746 
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Fig. 2.31. Torque table. (Courtesy 
Eaton Corp., Lebow Products.) 





rate at a greater distance with increasing torque. This separation of 
pulse output is called phase shift. 

The electronics require measuring this time difference between 
both pulses. This difference (or phase shift) is proportional to 
torque and is converted to a dc signal to power the torque readout. 


2.5.8 Flanged Reaction Torque Sensors 


Reaction torque sensors monitor turning force of a device. They 
are not designed to rotate except for the slight wind-up inherent to 
their design (typically 0.5—1°). They are generally mounted between 
two opposing torque devices such as a motor and pump with the 
output shafts rotating freely inside the sensor housing. The sensor 
actually monitors the twisting force of the motor and pump hous- 
ing. When torque is applied. the sensor produces an output propor- 
tional to torque. Again. the strain gage method is used. 





2.5.9 Torque Tables 


This is another reaction torque sensing device that measures 
turning force (Fig. 2.31). The test device is mounted directly to the 
table and the output shaft is connected to a rotating fixture. The 
table is supported by four flexure straps at each corner of the table. 
Each strap contains a strain gage, each one part of a four-arm 
bridge. 

As torque is applied. the outputs of the strain gages are monitored 
and the resultant variation is processed and calibrated to the corres- 


ponding torque value. 


x 2.6 Force 


Force measurement is used to define power exerted in a linear di- 
rection of travel and is usually expressed in pounds of force. For 
expressing low force values, ounces or grams of force are used. 
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Again, depending on the accuracy required and the budget, several 
methods can be used for this measurement. 


2.6.1 Spring Rate Method 


This is probably the least expensive method available. Springs are 
designed with a predictable rate of force. This rate is determined by 
wire diameter, material, coils per inch, free length, and compressed 
length. If these values are known. it is possible to calculate actual 
force required to move a spring to a specific compressed length. If 
force measuring equipment is available to provide spring length ver- 
sus force data. accurate results are possible. provided the spring is 
designed so that material fatigue does not affect repeatability. 

This measurement technique can be assembled for a specific pur- 
pose, or commercially available units can be used. These devices are 
referred to as spring force gages and operate on this principle. Force 
gage mechanisms are calibrated to convert spring movement to ac- 
tual force displayed on a gage. 


2.6.2 Hydraulic Pressure Method 


If a hydraulic cylinder were used to generate force. the hydrauli 
pressure used to start movement could be converted to pounds of 
force by the formula: force (Ib) = pressure (psi) x cylinder surface 
area (in.?). A reliable method would be required to determine the 
exact time the measured component started moving to record accu- 
rate starting force. 

Conversely. if you wanted to measure force exerted by a compo- 
nent, a cylinder could be used to generate a pressure proportional 
to force. In this method the cylinder volume would be filled with 
fluid and a pressure gage would be connected to the cylinder outlet 
port. After the cylinder was positioned to the proper stroke. and the 
test component was attached to the cylinder. the cylinder outlet 
would be closed through valving. As the test component generated 
force, pressure would be generated in the trapped cylinder chamber. 
and this pressure would be indicated by the gage. This technique is 
only viable if measurement of force at a given point is acceptable. 
Exact positioning is also difficult owing to the compressibility of the 
fluid and mechanical tolerances. 





2.6.3 Load Cells 


Load cells are the preferred linear force measurement device used 
where budget permits. Load cells come in several designs as de- 
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110 INSTRUMENTATION 


2.7 Position 


Position of a component under test can be important information 
in determining operating characteristics. Examples of position tests 
include spool positton versus pressure drop. rotary actuator torque 
versus position. cylinder or actuator piston leakage testing. solenoid 
force versus position. and manual valve performance versus position. 

There are several methods use to derive accurate position data. 
Some applications may be difficult to measure due to svstem resolu- 
tion required. For example. a common test for hydraulic cylinders 
is to measure piston leakage by monitoring rod drift while the cylin- 
der is under pressure. Stroke length can vary and rod drift accept- 
ance levels can be as low as 0.001 in. If a cylinder has a stroke of 10 
in., the degree of resolution or accuracy of a position transducer 
with a stroke of 10 in. would have to be 0.0001 % of reading over its 
full stroke. This would be asking too much from any commercial 
transducer. Techniques can be used to allow this reading to be 
taken accurately. In this case, a transducer with a stroke length of 
0.1 in. can be allowed to follow the cylinder and lock in position and 
zero at a reference point. A transducer with + 1% of reading accu- 
racy would then provide the + 0.001 in. resolution required. 


2.7.1 Linear Variable Differential Transformers 
(LVDT) 


The LVDT (Fig. 2.35) is a precise measuring device that provides 
position feedback. A moving rod is coupled to a magnetic core, 
which moves axially within a primary and two secondarv coil wind- 
ings of a transformer. Two secondary windings are placed on either 
side of a primary. which is supplied with a dc excitation voltage. In 
a centered (or null) position. zero voltage between the two secondary 
windings is sensed. This is because the output of each winding is 


equal, but 180° out of phase with each other. The resultant output , 


is thus zero. 

As the rod is moved. the output of each secondary becomes unbal- 
anced in both voltage and phase. This imbalance is translated to 
provide position output and direction of movement. Position output 
is proportional to secondary voltage and phase determines position 
from null position. 

When applying an LVDT to a system, it is important to consider 
the accuracy of measurement tolerances desired. For example. an 
LVDT can be used in cylinder tests where cylinder dimensions. as 
well as rod drift when testing for piston seal leaks. can be moni- 
tored. If a cylinder retracted length was 12 in. and stroke length was 
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Fig. 2.35. Linear variable differential transformer (LVDT). (Courtesy Day- 
tronic Corp.) 


20 in., an LVDT with an 8 in. length would be sufficient to check 
cylinder external dimensions. However. an LVDT with 0.25% full 
scale accuracy with an 8 in. total travel translates to an accuracy of 
+ 0.020 in. Now. if the same LVDT were used to monitor piston 
leakage during hydrostatic drift testing. the best detection vou 
could expect is + 0.020 in. This is totally unacceptable in most ap- 
plications, since 0.001 in. movement is sometimes cause for rejec- 
tion. The obvious solution here is to use an LVDT with less overall 
travel for seal leak testing or a device with higher resolution for mon- 
itoring both tests. 


2.7.2 Magnetostrictive Linear Displacement 
à Transducers (LDT) 


The:LDT is,probably the most-accurate linear position transducer 
regardless ofistroke length. These transducers can be provided with 
stroke lengths from 1 in. to 30 ft depending on the application. Hy- 
draulic cylinder manufacturers also offer this device built into a cyl- 
inder to provide an actuator with precise position feedback. This 
eliminates external mounting of position transducers. thus protect- 
ing the sensing mechanism from ambient conditions. 

The principle used to produce this exceptional accuracy is called 
magnetostriction. When the magnetic field is changed around a fer- 
romagnetic material, a strain is induced in the material. The Tem- 


-UIƏ L ou TEHLU 293 ur paonpurt si urgens e ELW 9nəuseuroi 
-19] € PunoJe poSueuo si play 9nəuseui aq) uauM "uonornsojausieur 
pare? si Aowinaoe pTeuondaoxe sty} aonpoid o} pasn əldrouuid au 
'suonipuoo 3juasiqure 1101] uusrueuoəu: Sursues au) Sur 
-193)01d sny} 'sisonpsue. uonisod jo 8urjunoui peujajxa sojeuruim[a 
siu 'Xoeqpess] uonisod əsəd uj Joyenjoe ue aplAOld o} Japul 
A3 € olur ING 29149P SIL} 193J0 ospe s1o1n32ejnueui 19purlÁo 3rne1p 
-ÁH "uoneotrdde ay) uo Surpuadap 3j 0g 0) "ut I Wo syysua] eyons 
UM paprao1d aq ued SIIIN SULI) 9S9UL "usua əyo.ns Jo ssajpresal 
Jaonpsues uornisod reauyy ILIN SOL ay) A[qeqoid et LO 4L 


(LOT) SISINPSUBIL 
jueumsoe[dsiq reourT IANOLNSOJIUSENW Z'¿ Z 


`s1sə1 y0q SUHOJ 
-UOL JO] uornjosaJ 12u81Q YJ M adtAap E 10 Surjsa) YEA] [eas 10J [IAB] 
[e240 SS3| UYA, LAT Ue aen 0) si aJay uonnjos snotaqo ay "uon 
-o2[21 10] əsneə sətunəuuos si JUILUIAOUI "01 TOO'O SUIS 'suorneord 
-de 3s0u ul 3]qe1da2oeun ÁI[e)01 SI SIUL ^ut OZO'O = St 32adxa pmo 
noÁ uonasjap 153q ay) 'Sunsə) yup onejsoipíu Suunp 2Sexea] 
uojsid JOJJUOUI 0) pasn ələm LAAT 2U18S au) JI ‘MON “Ul OZO'O + 
jo Ko€1n22e UB o; S3]e|SUE] [948.1] [020] “Ul g ue YIM ÁSE.IMIIO LIS 
IY %SZ'O u^ LGAT Ue “13AIMOH 'suorsuaulp [euia1xo Joput[Ao 
192349 0] juəloujns əq pmom yua; ‘Ul Y ue YIM LAT ue "ur oz 


(diog 231005 
-Anq fisaumo2) (LGA) 19unu0jsugrn pTenuas19pgtp sjqeLiea IUN] GC “SI 





SEM yU 940175 pue “Ul ZI Sea YISU9] pa32e1jaJ IƏPUYÁI Y J] 'pa103 
-JUOUJ aq UB) egeat [ess uojsid 10j Sujsa) usu PYHP por se [oA 
se 'suoisuauiip JopurjAo 2a13qA SISI Japur[Ao UT pasn aq UI LOA 
ue 'ajdurexa 104 ‘pasisap ssouels[o] juaula1nseaul jo ÁDBIMIDE JY} 
Japrsuod 0} 3ue1joduii si 31 'UJIISÁS e 0) [GAT Ue SuiAdde usu 
"uonisod [mu woj 
uonisod SIUTULIIJIP aseyd pue o8e3joA Árepuooss 0) —euoniodo.d si 
ind3no uonisog “JUIUIIAQU jo uonoairp pue 3nd3no uonisod apiaoid 
0] paje[sueJi sr 2oue[equi! siu] ‘aseyd pue o8ejjo4 yoq ui paoue 
-Tequn sauio23q Arepuooss queas jo dno au ‘paaoul SI pol ay} SY 
'0122 SNU} SI 
jndino jue3mesa1 əy 12110 Yoea qr aseyd jo Ino ¿081 Mq ‘enba 
sı SUIPUIM yoes jo dmo ay} 3sne23q Si sit], "pasuos si sSurpuia 
ÁKrepuooss om} 34] USIMI9Q 38€3[0A 0122 'uonisod (JMU 40) P3J2JUII € 
u] :'938)]0A Uone op e yya pariddns et yorya ‘Areurid e JO apis 
laur uo paoejd are SÍUIPUIM ÁKrepuooas OML 'J9ur10JSuer; e Jo SSU} 
-pum [109 Árepuooss om) pue Áreuird e uyy ÁA[[eTXe S3A0UI QO9TUA 
‘9109 3nsuSgeul e o pajdnoo si poi Sutaoui y ^oeqpasj uonisod 
saptaoid yey} SIAP SutimseƏU astoaid e si (G£'z $14) LGA PUL 


(LAAT) 
SIDWIOJSULL] ENUIA VIGeLIeEA ICHUN TAS 


'paumba2 uonnjosa1 ‘ul T0070 = 24} aplAoid usy] proa Adel 
-nooe SuIpeal Jo %1 = UJIM JIIMPSULA) y "10100 32u2313]2J € Je 0122 
pue uornrsod ut 490] pu? JIPUIJÁD əy) MOTO} 0) pamore aq UBD "ur [^0 
Jo Y1SU9] 3011s E UJIM J3INPSULA] Y ‘ased SIY u "Apoge1nooe uae) 
aq oj Surpe3ji sių) mope oj pasn oq ued sanbruyaa] usonpsueg 
TEro1euruoo Aue woi YINU 00) SUSE aq PINOM siu 2901e fm] 
S}! 1940 SuIp?a1 JO 9,1000^0 2q 0) 2APY pmom "ut Qr JO 93043s € YIM 
Jaonpsues) uoHn.sod e jo Áoe1noo? A0 uornnjosai Jo 33:8əp ay) "ul 
OT JO 2303s e seu 1əpullÁ2 e J] “Ul 100'0 Se MO] Se aq UBD Saag] 22UE 
-1da09e yup pol pue Area ued ul)8uə| ayons ‘ainssaid Japun et Jap 
OI au IIYA YHP poa Suuiolruouu Aq aseyeay uo}sid aimseaui 0} SI 
siəput|&S5 omne1pÁu 10] 359) Uowwo e 'ajdurexa Joy "parnboj uon 
-njosa1 LUIISÁS 0} INP a1nseaul 0) )[noujjIp aq Aew suorjeordde awos 
‘elep uornisod sje1n22e DALIIP 0) ISN spotoaul [el3A3S are 3194] 
"uonisod SNSIIA IDUBULIOJIIH aA[eA [enureuri pue 'uontsod sns13A 3910] 
ptouəlos ‘Sunsa; s8exeo[ UOISIN J0JENIIB 10 JIPUTÁS 'uonisod SNSIIA 
ənbio1 Joyenioe Á12301 ‘doip ainssaid snsiaa uonisod joods əpnpu! 
$353) uonisod jo sajdurexg :sorsuoe1oereuo Sunesado Surururiojap U! 
uoneuLijut JUeLIOdUI 9Q Uea 189) Japun j3usuoduioo e Jo uonisod 


uonriso4d /°7. 






112 INSTRUMENTATION 





Fig. 2.36. Magnetostrictive linear displacement transducer (LDT). (Cour- 


tesy Temposonics/MTS Systems Corp.) 


posonics LDT (Fig. 2.36) uses a patented svstem. which can be pro- 
vided with either an analog or a digital output. In their design. a 
torsional strain pulse is induced in a specially designed magneto- 
strictive tube by the momentary interaction of two magnetic fields. 
One of the fields emanates from a permanent magnet that passes 
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2.7.3 Rotary Encoders 


These devices can be used for either rotary or linear position mea- 
surement. There are several methods used to provide a digital or 
analog output proportional to position. Some-encoders-are limited 
to travel of less than 360°. while others can be used for continuous 
rotation. 

One method used contains an optical sensor. monitoring light ei- 
ther reflected or interrupied bv a rotating grid disk. The disk con- 
tains opaque and transparent segments divided along the disk face. 
An LED provides a light sensor and a photodetector senses when 
light is passed or blocked through the disk segments. The greater 
the amount of segments. the greater the resolution of the instru- 
ment. Some encoders provide onlv a single pulse (incremental en- 
coder). while others sense several bits of information simultane- 
ously (absolute encoder) to provide a digital word of position 
information. The grids are produced with high-resolution photoli- 
thography on a glass. plastic. or metal disk. Multiturn units can be 

provided with a pulse per one revolution. so that number of revolu- 
tions as well as position within that revolution can be monitored. 
Another method used is the variable differential capacitance en- 
coder used to measure angular position (Fig. 2.37). Rotation is lim- 


along the outside ofthe tube-The other fieldis produced byacurrent tet 120° total travel-on the model shown_lt_is_very_useful_and 


pulse launched along a wire inside the tube. The interaction between 
the two fields produces a strain pulse that travels at ultrasonic speed 
down the tube that serves as a waveguide and is detected by a coil ar- 
rangement at th j 'aveguide i ing 
within a stainless-steel 3/8-in. OD rod. The position of the permanent 
magnet outside the rod can be pinpointed by measuring the lapsed 
time between launching the electric pulse within the tube and the ar- 
rival of the resulting strain pulse at the end of the tube. 

The time interval for these pulses is related to modulus and den- 
sity of the magnetostrictive waveguide. The pulses are produced by 
an oscillator. generating continuous pulses at a precise rate. The 
returning stress pulses are detected and a pulse width signal (based 
on the magnets position) is developed. The pulse width is deter- 
mined bv a quartz crvstal oscillator. 

Rated accuracies of the Temposonics unit are + 0.05% stroke or 
better linearity and + 0.001 % or 0.0001 in. {whichever is greater) re- 


— — peatability. Output resolution on analog models is rated as stepless 


continuous output. while digital output svstems aresupplied up to 16 
bits (65.536 parts) with an optional 18 bits (262.144 parts) resolution 
output. In addition to providing position measurement. velocity mea- 
suremeni can be easily attained with optional electronics. 


economical for accurately measuring angular movement. such as re- 
quired in rotary actuator testing. 

This device contains two opposing sets of stator plates and rotors. 
The rotors. each attached to the input shaft. move between two 
static plates. This principle provides a variable capacitor with voli- 
age varied based on the intermeshing areas of the rotor and stator 
plates. The plates are separated by an air gap. which serves as the 
dielectric (insulating material). This design allows near frictionless 
rotation and long life. Differential output voltage from both variable 
capacitors serves as the transducer position versus voltage output. 
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Fig. 2.37. Variable differential capacitance encoder. (Courtesy Trans-Tek. 
Inc.) 
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Another common measure of viscosity is Saybolt Universal Sec- 
onds (SUS). It defines the measure of time 60 cm? of oil takes to flow 


fluid under investigation. These devices range from a simple two- 


t 
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ball design to a device that will allow temperature and pressure con- 


through a 0.176 cm orifice 1.225 cm long. Obviously. when a fluid trol to determine viscosity characteristics at all operating condi- 
is cooler, it is thicker. and it is thinner at warmer temperatures. tions. 

This affects the rate of time, so SUS is always expressed as SUS at The two-ball design (Fig. 2.38) uses one ball in a reference fluid. 
a given temperature. whose viscosity is known. The test fluid is drawn into a second 

Viscosity index ratings of a fluid refer to the slopes of viscosity and chamber containing the second ball. Once this chamber is filled. the 
temperature. A fluid that changes viscosity slightly with tempera- balis are both set at a common zero reference point. At this point 
ture variation has a high VI number. while a low VI number refers the operator tilts the gage between 30° and 45°. Once the reference 
to a fluid that changes greatly with temperature variation. Origi- ball reaches the end of the scale. the device is moved to a horizontal 
nally the VI scale used 0 and 100 as the upper and lower values to position where a reading of the second ball position is taken. The 
define this characteristic. New fluids. improved additives and refin- scale allows reading of viscosity in centistokes. The reading is taken 
ing techniques have now increased the VI scale to well over 100. at ambient pressure and at a temperature of 80°F. 

Pour point of a fluid defines the temperature at which the fluid At the other end of the viscometer design range is a device that 
will begin to flow. This is important when designing a system ex- allows oil to be measured at controlled pressures and temperatures 
posed to extreme temperature. It is common practice to use a fluid (Fig. 2.39): it consists of a stainless-steel measuring barrel enclosed 
with a pour point of atleast 20°F lower than the lowest temperature within a pressure housing. a heating element. and an insulating 
to which the system will be exposed. jacket. After the unit has been filled with the test fluid. temperature 

Viscosity is an extremely important factor to be considered when stabilization usually takes about 4 hr. At this time. the ball is rolled 
selecting a component for a system—probably one of the most im- back and forth to mix the fluid: then the ball is rolled against the 
portant. It can drastically affect component performance. and some barrel seal, where it is held by a solenoid. The cell is then rotated to 
agree that next to contamination problems it rates second on the its upright position and a button labeled "roll" is depressed. This 
list. Decreased efficiency. increased internal leakage. and borderline simultaneously deenergizes the solenoid and starts a digital timer 
pump-suction capacity and system response are just a few-factor At the bottom of the barrel is a contact assembly that stops the timer 
greatly influenced by viscosity swing. when the ball strikes it. The roll time of the ball is proportional to 


It is unfortunate that most engineers think that viscosity is suffi- 
ciently defined—that absolute viscosity. kinematic viscosity. and 
— — — — ——uviseesity-at-temperature-seem-to-provide-all the information-neces- 
sary. This is not the case. Fluids are also affected bv pressure. The 
change in viscosity of some fluids is larger with pressure change 
than temperature change. Where do you find the pressure/viscosity 
rating of a fluid? In most cases you do not find it at all. In most 
cases engineers and even technical support people from oil manu- 
facturers are unaware of this effect. For a somewhat detailed de- 
scription of this effect. see Chapter 4. Flowmeter-Inaccuracy. De- 
scribed there is an accumulation of information I obtained from 
readers of Hydraulics & Pneumatics magazine after the editors were 
kind enough to publish my quest for the answers. 


2.8.1 Falling Ball Viscometers 


The falling ball viscometer is used to measure absolute viscosity. Fig. 2.38. Two-ball viscometer d 
Its basic principle is based on the concept that an object will take a sign. (Cou. pegue sa 
measurable time to be pulled by gravitational forces through the Inc.) a 
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2.8.4 Rotational Viscometers 


A rotational viscometer rotates an element within a fluid con- 
tainer, or rotates the fluid container that has a stationary element. 
The element is designed to create a certain rotational torque in rela- 
tion-to shear strength of the-fluid. This-method relates-to the basic 
absolute viscosity measurement principle. in which the shear rate 
is a function of the relative velocity of the surfaces and the distance 
between them. 

Actual. torque. required for rotation. can. be detected. in several 
ways. Some rotational viscometers use an electric motor to generate 
rotational movement. As the fluid becomes more viscous. the torque 
required increases. At this point motor armature current increases 
proportionately with the shear forces required. This current in- 
crease is measured and converted to viscosity. 

Other viscometers use a linear traveling element to detect the 
same fluid characteristics. In this case. because full rotation is not 
generated, the plate (element) is timed from starting point to finish 
point. Time is proportiona! to viscosity and displayed accordingly. 


2.8.5 Hole-in-Cup Viscometers 


The hole-in-cup viscometer is based on the SUS principle of vis- 
cosity definition: that is. the unit consists of an oil reservoir with a 
precision hole at the bottom. As discussed earlier, the SUS rating is 
based on the time 60 cm? of fluid takes to flow through a 0.176 cm 
orifice 1.225 cm long. The simplicity of this device is also reflected 
in its cost. Fluids of a known viscosity are generally used to set up 
an equivalencv chart for reference of various test fluids. 


2.9 Contamination 


Fluid contamination is the major cause. of component or system 
failure. Much research has been conducted to define acceptable lev- 
els of contamination. as well as the proper methods required to 
maintain these minimum levels within a system. Contamination 
can be induced by many sources. These can include casting parti- 
cles. faulty cylinder rod seals, pump wear, ambient contamination 
entering reservoir breathers, and so on. 

The first problem in defining these acceptable levels was to have 
an accurate method of measuring the degree and size of contami- 
nates present. In earlier days of hydraulics. a filter patch was in- 
serted into a flowing fluid and contaminates were collected over a 
period of time. This patch was removed and studied under a micro- 
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scope to measure the size and quantity of various contaminates ex- 
tracted from the system. The structure of the particles was then 
studied to define the source of contamination. Metal particles meant 
that components were wearing. or fitting threads were being 
sheared during assembly. Casting sand particles proved to be a good 
source for system contamination when valve manufacturers did not 
apply proper flushing techniques prior to assembly and test. Elasto- 
mer particles meant that seals were extruding or wearing. Failure of 
hose inner linings was also a source for this type of particle. 

Ambient sources were determined to be a major factor. especially 
due to contaminates drawn in through cylinder rod seals in mobile 
equipment and airborne particles in factory environments. Not until 
recently has the reservoir filler/oreather been deemed a major cause 
of system contamination. It is now recommended that breathers be 
sized at the required filtration level of the system. Breathers were 
typically installed at filtration levels generally associated with suc- 
tion strainers. A common application for spin-on filters is their use 
as reservoir breathers. They are inexpensive, can be screwed onto a 
pipe nipple. and allow controlled filtration of airborne particles. 

Alvin Lieberman Hiac/Royco was kind enough to furnish some ex- 
cellent information concerning various instruments available. The 
following is a reprint of an article entitled “Optical Instrument Moni- 
tor Liquid-Borne-Solids;"-originally published in Chemical Engi- 
neering. Vol. 95, No. 10. 22—26 (1978). through the permission of 
the author and Chemical Engineering. (Please note that since the 
article was published Hiac and Royco have merged.) 





2.9.1. Introduction 


Various optical instruments have been developed for measuring 
the number and size of particles suspended in various fluids. Such 
instruments have been devised for analyzing both gas and liquid 
streams: however, this article will be limited to those units used to 
determine the characteristics of particles suspended in liquids. 
Since many design variations exist. this discussion will not attempt 
to cover all of them: instead. attention will be given to several optical 
devices that illustrate general principles. 

Optical instruments offer several advantages. They can produce 
real-time data; they can handle a broad range of liquids: thev can 
operate online (within specified concentration limits): they can mea- 
sure over a fairly wide dynamic size range: they can gather a large 
amount of reproducible data quickly: and they can be operated by 
relatively unskilled personnel. 

However, certain limitations on optical instruments should also 
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cles is proportional to the square of their diameters, the angle of 
diffraction is inversely proportional to their diameters. By placing a 
specially shaped filter in the diffraction plane of the collecting lens. 
one can relate light fluxes to scattering angles: these fluxes are re- 
lated to particle volume. 

The spatial filter is rotated to extract signals serially. (Collected 
light can be related to the second, third. or fourth power of the parti- 
cle diameter.) Once these signals are detected and converted to digi- 
tal form, a microprocessor computes the distribution of particle vol- 
ume and surface area. Output data are presented in the form of the 
particle volume in each of 13 size bands. Information is also given 
on the percentage of particles passing each size interval, as well as 
their mean diameters, surface areas. and relative total volume. Mea- 
surements are made over two size ranges: 1.9-176 microns and 
3.3—300 microns. 

The product line has recently been extended to include a low-cost 
monitor that provides a continuous measure of solids concentration 
in wastewater and other industrial streams. This instrument mea- 
sures true volumetric concentration. which can be converted to 
mass concentration with a one-time. single-point gravimetric cali- 
bration. 

Similar instruments are being used in refining operations and 
chemica! processes, including the manufacture of powdered resins. 
catalysts, and a variety of powdered and slurried chemicals. 





This brief summary of some operating laboratory methods is re- 
stricted to those used to characterize particle assemblages in liq- 
uids. Holographic analyzers and automated image analyzers are 
treated subsequently as single-particle devices. 

1. Bagchi and Vold' describe a method for determining the aver- 
age particle size of coarse suspensions from measurements of ap- 
parent specific turbidity. They show that the turbidity is inversely 
proportional to the average radius from about 12 to 50 um for mate- 
rials whose turbidity is independent of the wavelengths of light. 
The method has been used with materials in concentrations of 
1-10 g/L. 

2. Dobbins and Jizmagian? describe two methods for finding 
mean size by measurement of optical cross section. In the first 


1. Bagchi. P.. and Vold. R. D.. J. Colloid Science, Vol. 53. No. 2. 1975, p. 194. 
2. Dobbins. R. A.. and Jizmagian. G. S.. J. Opt. Soc. of America. Vol. 56. No. 10. 
1966. p. 1.351. 
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method. when concentration is known, the relationship between 
mean scattering cross section and volume-surface mean diameter 
is fixed. In the second method, both the volume-surface mean diam- 
eter and concentration can be measured if transmittances are mea- 
sured at two wavelengths. Data were obtained for mean diameters 
ranging from 1 to 5 pm. 

3. Groves, Yalabik, and Tempel" discuss the operation of a centrif- 
ugal photosedimentometer using laser light. A transparent hollow 
disk is rotated. causing particles to settle under the influence of cen- 
trifugal force. The relationship between sedimentation time and op- 
tical density at any point along the radius is a characteristic of the 
particle size distribution. 

A data logger is used to record light-transmission level, location 
along the radius, and settling time. This enables computer treat- 
ment of information to yield relatively rapid descriptions of particle 
size data. The method can size particles from 5—10 p.m to less than 
0.1 um, and can handie sample concentrations up to one percent. 

4. Jordan. Fryer, and Hemmen? use a hydrophotometer to find 
particle distribution in the size range from 2 to 50 um via a sedi- 
mentation method. Optical density at a fixed point in a gravity set- 
tling column is measured as a function of time and is correlated to 
mass loading. 

5. Robillard. Patitsas, and Kaye? describe the use of Mie scattering 
measurements at two wavelengths to determine the mean diameter 
and refractive index of particulate material. The method requires 
comparison of experimental data with computer-generated 
derived from Mie theory. followed by selection of best-fit parameters. 
Size distribution is inferred from the intensity ratio of the scatter- 
ing extrema. This work follows and extends earlier work by T.P. Wal- 
lace? It is not applicable to multimodal distribution. 





2.9.4 Nonimaging, Single-Particle Counters 


Among these are three optical single-particle counters commer- 
cially available in the United States. All pass a liquid sample through 
an illuminated sensing volume: the amount of light detected de- 
pends on the degree of absorption or scattering as the particles tra- 





3. Groves. M. J.. Yalabik. H.. and Tempel. J. A.. Powder Technology. Vol. 11. No. 
3. 1975. p. 245. 

4. Jordan. C. F.. Fryer, G. E.. and Hemmen, E. H., J. Sed. Petrology. Vol. 41. No. 
2. 1971. p. 489. 

5. Robillard, P.. Patitsas. A. J.. and Kaye. B. H.. Powder Technology. Vol. 10. No. 
6. 1974. p. 307. 

6. Wallace. T. P.. and Kratohirl. J. Polymer Sci.. Vol. 8. Pt. A-2. 1970, p. 1.425 
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used with this package, permitting identical concentration and flow 
rate capabilities. Minimum size sensitivity is 0.5 um, and a dynamic 
range of 50:1 is achieved. 

Spectrex Corp. (Redwood City, CA) markets a device that uses 
light scattered from-a laser beam to detect particles larger than-ap- 
proximately 5 to 100 pm in concentrations to 1000/mL within a 
glass container. The laser beam can scan a volume of 10 cm? in 15 
sec. Since out-of-focus particles and the bottle walls are not detected 
by the collection optics. only particles within the in-focus point for 
both the illumination and collection optics are reported. 

A microprocessor attachment automates the complete size analy- 
sis, prints and plots size and mass distribution, and provides a set- 
tling scan. 


IMAGING SINGLE-PARTICLE COUNTERS 


Image analysis systems. Many manufacturers produce image 
analysis systems. These are basically video-camera devices that are 
focused on a microscope stage or on a photograph. Signals from the 
video tube are transmitted to a computer processor for data reduc- 
tion. A wide range of information can be developed by the computer, 
including length and area size data. shape factors. and statistical 
analvses. 

Differential scattering systems. Science Spectrum. Inc. (Santa 
Barbara. CA) has developed instruments that can locate a single 
particle and retain it electrostatically in position so that differential 
scattering intensity can be recorded as a function of scattering 
angie. In this way, particle composition and shape information can 
be retrieved by matching measured data with those in a computer 
file. Particles as small as 1-2 um can be studied. but the measure- 
ment time is on the order of seconds per particle. Data produced 
include average size. size distribution. shape. and other particle 
suspension characteristics. 


2.9.5 Lab Methods for Analyzing Single Particles 


Numerous techniques for characterizing single particles have 
been reported in the literature. Included among these are: 

1. Bartholdi et al. describe a scanning system in which a particle 
is illuminated by an argon-ion laser beam as it passes through a 
flow chamber. Scattering between 7.5° and 21.5” is measured bv a 
128-element photodiode array. Measurement is initiated by a delay 





8. Bartholdi. M.. et al.. Optics Letters. Vol. 1. No. 6. 1977. p. 223. 
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signal once the particle has passed through a Coulter orifice. Ap- 
proximately 500 sec per particle are required to record a complete 
scatter pattern for particles larger than approximately 10 pm. 

2. Breitmeyer and Sambandam? detail an inline holography analy- 
sis, where holograms are made of blood cells in saline solutions to 
determine orientation and cell shape. An argon-ion laser was used 
and photographs were observed for data reduction. 

3. Eisert et al.'? discuss a microphotometer that uses a flow- 
through system for orienting nonspherical cells along the flow axis. 
A focused laser beam at the axis of the hydrodynamically focused 
flow path is arranged so that its diameter is smaller than that of 
the cell. If constant flow velocity is maintained. the pulse width will 
indicate the cell length in the flow system. Sizing from approxi- 
mately 5 to 300 um lengths at rates up to 50,000/sec is reported. 

4. Kaye'' describes the use of a low-angle laser-light-scattering in- 
strument. Scattered light is measured at angles as low as 1.5? from 
volumes of approximately 10 pL. illuminated with a 5-mW He-Ne la- 
ser. Particles as small as 0.1 pm can be detected. The sample flow 
rate is extremely low. but concentration capabilities are high. 

5. Mullancy et al.'? have emploved a forward-angle photometer. 
Hydrodynamic focusing maintains a sample stream of 50 vm diame- 
ter that is illuminated by-a He-Ne-laser beam of 100 gm diameter. 
Light scattered at between 0.5? and 2" is collected. Sensitivity from 
approximately 3 vm up to 20 vm has been obtained with a flow rate 
of 1 mL/min at concentrations up to 50.000/mL. 

6. Ricci and Cooper? outline the use of a fving spet-laser-that— — — —— 
scans a flowing slurry stream with a two-dimensional raster scan. 
Particles interrupt the focused beam that would otherwise illumi- 
nate a photodiode. Particles from 5 to 1000 pm are measured in 
concentrations up to 2%. in streams flowing at rates up to 5 gal 
min. The laser beam. reduced to 10 um diameter. scans at 3 em 
distance at a frequency of 500 Hz and a velocitv of 50 m/sec. 

7. Salzman et al.'* describe a flow system. multiangle light-scat- 
tering instrument. Particles are characterized by their light-scatter 
patterns. A He-Ne laser is focused at the center of the sample stream. 


——— A ` `. 


9. Breitmeyer. M.. and Sambandam. M. K.. J. Assn. Adv. Med. Instrum.. Vol. 6 
No. 6. 1972. p. 365. 


10. Eisert. W. G., et al.. Rev. Sci. Instr., Vol. 48. No. 8. 1975. p. 1.021. 
11. Kaye, W.. J. Colloid Int. Sci., Vol. 44. No. 2. 1973. p. 384. 

12. Mullaney. P. F.; et al. Rev. Sci: Instr.. Vol. 40. No. 8. 1969. p. 1.029 
13. Ricci. R. J.. and Cooper. H. R.. ISA Trans.. Vol. 9. No. 1. 1970. p. 28 
14. Salzman. G. C.. et al., Clin. Chem., Vol. 21. No. 9. 1975. p. 1.297 
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scribing a particle-size number distribution. With judicious data- 
processing circuitry, either differential or. cumulative distributions 
can be defined. Single-particle optical instruments will produce data 
based. on the number of particles in several size ranges. 

Depending-on the-resolution of the-instrument. the-width of each 
range can be made small enough so that essentially all particles in 
the range can be represented as having the mean diameter of the 
range. In this way. mathematical manipulation can be performed to 
convert from a number base to a volume or an.area base with mini. 
mum error. 

Data processing. The conversion from number base to volume or 
area base includes certain assumptions that must be taken in mind 
if comparison with data obtained bv other means is desired. First. 
the size description is based on calibration to an idealized basis: 
next, a limited range of shape factors is assumed: next. uniform par- 
ticle composition in the sample is assumed. Once these assump- 
tions are accepted. conversion from optical diameters to aerody- 
namic diameters or sieve data can be accomplished for a range of 
materials. In some cases. empirical calibration may be required. 

Ali of the optical instruments produce data that can be easily 
transmitted to a computer for storage and/or processing. The data 
can be a series of dc signal levels. or parallel or serial output digital 
pulses. Part or-all of the data processing-svstemr can be included 
with the instrument. 

Data can be provided that indicate cumulative or differential par- 
ticle-size distribution curves, mean diameters with standard devia- 
tions. total quantity of particles per unit volume-of liquid. and-num- 
ber of particles in several particle size ranges. With this easilv 
acquired and easily processed data. application of the instrument 
output through a computer or microprocessor to a control function 
for process lines can be accomplished with relative ease. It is neces- 
sary to select a particular size parameter or ratio of sizes as the de- 
pendent variable in a contro! function. define an optimum operating 
range. and choose the process parameter that controls the variable 
of concern. 


2.10 Sound Level 


One important consideration in developing a component or sys- 
tem is the output noise level it produces during operation. In 1970 
the Occupational Safety and Health Administration (OSHA) was 
formed to research and recommend new safety. and: health. stan- 
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dards for the work environment. The regulatory committee was re- 
sponsible for all areas that either affect safety conditions or pose 
health hazards to workers. They determined that certain noise levels 
caused temporary and sometimes permanent hearing loss. At the 
very least these levels of noise were annoying to a worker causing 
stress, mood swings. poor performance of tasks. and difficulty in 
communication. 

OSHA originallv settled on a 90 dBA noise level exposure, as an 8- 
hr time-weighted average maximum. The Environmental Protection 
Agency (EPA) recommended that this level be reduced to 85 dBA 
continuous exposure for an 8-hr shift. At present most manufactur- 
ers request the 85 dBA level for equipment operating in the factory 
environment. In some cases machinery with higher levels of output 
are isolated in remote areas or separate rooms. and Operators are 
required to wear hearing-protection devices. 

Sound travels through the air (the transmitting medium) at a spe- 
cific intensity and frequency. Intensity describes the level or loud- 
ness of a sound and is normally expressed in decibels (dB) as a unit 
of measure. The decibel is a dimensionless unit that is the ratio of 
two numeric values on a logarithmic scale. The ratio consists of a 
measured quantity versus a reference quantity and is expressed as 


P 
dB = 101og,, p 
o 


Owing to the nature of the logarithmic scale, itis not easy to add 
or subtract additive noise levels. For example. the combined noise 
level of two machines each producing 90 dB noise levels would be 
93 dB. As a scale factor, O dB is the threshold of hearing. while 130 
dB is the threshold of pain. A rule of thumb used is that for every 3 
dB increase in sound level. sound output actually doubles. The rea- 
son for this method of level measurement is due to the extremely 
wide range of audible detection. 

Sound frequency (pitch) defines the wave motion in cycles per sec- 
ond (Hz). The wave consists of air pressure-variation in a sinusoidal 
waveform. The higher the frequency. the higher the pitch of a 
sound. The normal hearing range can be as low as 20 Hz and as 
high as 20.000 Hz. Frequencies higher than 20.000 Hz are termed 
ultrasonic. The range of 500-2000 Hz is referred to as the speech 
zone frequencies. 

When no sound is present, the atmospheric pressure is undis- 
turbed: this pressure is generally used as a reference pressure to the 
pressure increase caused by a sound. As sound waves move through 
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136 INSTRUMENTATION 


The sound level meter takes the output voltage from the micro- 
phone (which is ac) amplifies it, rectifies it to dc, and uses the dc to 
move the indicating pointer on the scale. The attenuator controls 
the overall amplification of the meter, while the weighting networks 
control the-response versus frequency characteristics. 

The American National Standard S1.4-1971, Specification for 
Sound Level Meters. states that a sound level meter must be able to 
measure the rms (root mean square) level of the sound pressure. 
have a response that meets tight specifications of smoothness of re- 
sponse and linearity. and contains A, B. and C weighting networks. 
The A and B scales have a response (response rated in dB) that de- 
creases with decreasing frequency. with the A scale decreasing the 
most. The C scale has a flat response over the frequency range of 
25—8000 Hz. The C scale is generally used to supply a signal to auxil- 
liary equiprnent for a more detailed analysis. 


2.10.2 Frequency Analyzers 


In some cases, a sound level meter may be insufficient to truly 
define a noise source. It is not capable of distinguishing frequency 
distribution of the sound. A frequency analvzer is able to depict vari- 
ous frequency components at various sound intensities. Two types 
of analyzers are used. the constant percentage bandwidth or the 
constant bandwidth design. This just defines the width of the fre- 
quency band sampled over the full spectrum. 





2.10.3 Octave Band Analyzers 


Octave band analyzers are used for a simpler approach to measur- 
ing complex sound characteristics. The device separates certain fre- 
quency ranges with filtration and each range is measured. Each 
range is generallv plotted on a graph so that the relationship of 
sound pressure lev ' versus octave band frequency can be studied. 


2.10.4 Noise Exposure Monitors 


A noise exposure monitor is used to accumulate sound data infor- 
mation over a period of time. This provides data on the "noise dose" 
that a person may be subjected to. This information is useful when 
comparing the exposure of a worker to the regulations set bv OSHA. 

There are three variations of this instrument: one accumulates 
the total amount of sound energv a worker is subjected to for a work- 
day. another monitors the time a specific decibel level is exceeded. 
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and the third measures the rate at which sound energy impinges on 
the exposed person over the short-term periods of time. 


2.10.5 Noise Dosimeters 


Noise dosimeters are small and portable units that can be placed 
in the pocket of a worker. which allows an analvsis of noise dose to 
a worker who moves in various locations throughout the day. Sound 
levels between 90 and 115 dBA are generally monitored. with accu- 
mulated doses stored in a semiconductor memory circuit. 

At the end of the time period. the dosimeter is plugged into a read- 
out device and the noise exposure is displayed as a percentage of the 
allowable limit. 


2.10.6 Impact Noise Analyzer 


An impact noise analyzer is generally used to monitor exposure to 
high peak levels, such as experienced around punch presses. The 
device will generally allow storage of peak instantaneous levels, aver- 
age levels. and continuous indication of peak level. Analysis of col- 
lected data will allow calculation of impact noise duration. 


2.11 Electric Test Equipment 


Equipment available to measure electrical characteristics seems 
endless. The main values normally associated with fluidpower test- 
ing include voltage, current, resistance. inductance. capacitance, 
and combinations of these values. such as wattage and HP con- 
sumption. Common tests include minimum and maximum sole- 
noid voltage. solenoid coil force and resistance. electric motor power 
required to drive a pump. and voltage or current versus output of a 
proportional valve or servovalve 

Before reviewing the basic equipment used to monitor these val- 
ues, it might be helpfulto discuss-a few basic electrical principles. 

Current is generally expressed in amperes and refers to the flow 
of electricity. This is equivalent to hydraulic flow rate. The higher 
the amperage rating of a system. the more flow of electricity is possi- 
ble. The ampere is defined as a flow of 1 C/sec. One coulomb is equal 
to 6.3 x 10'* electrons. Since the charge of one electron is too diffi- 
cult to measure for practical purposes, we created a unit of measure 
more suitable. The actual definition of an ampere is the rate of cur- 
rent that must flow through an electrotytic cell in order to deposit 
Silver at the rate of 0.001118 g/sec. 
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S 
Le 


Fig. 2.45. Three-voltmeter mea- 
surement technique for determin- 
| source | ing power factor. 


teristics. If high-impedance meters are not available, medium load 
instruments may be used. providing their loading effects are taken 
into consideration and calculated into the formula. 

The formula for computing the cosine of the phase angle and thus 
the power factor is 





VS m Vë T V, 
pl = “oI, x Vj 


The measurement of polyphase power (two or three phases) can 
become more complex if the load is unbalanced or if power-factor 
parameters are dissimilar across the various loading elements. If 
balanced, individual readings on each leg of the circuit may not be 
necessary. However. if power factor varies. an individual reading 
must be taken. In a balanced load. three-phase-system power factor 


is expressed as 


f true power 
P! = volts x-amperes 


The actual factor of unbalanced three-phase loads creates a diffi- 
cult task. Usually. a weighted average of the power factors is calcu- 
lated. This is one of the reasons it is difficult to extract accurate 
data when testing pumps and using motor current draw to calculate 
torque. 

The most common component used in the marriage of electronics 
and fluidpower is the solenoid. This device is used to convert electric 
power into mechanical force through the use of electromagnetic in- 
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duction. When current is passed through the coil, it generates a 
magnetic field. The amount of current and the design of the coil 
determines the resultant force potential. Coil design basically con- 
sists of wire diameter (current-carrying capacity) and ampere-turns: 
ampere-turns = N X J, where, N = number of turns and / = current 
in amperes. The quantity of NI defines the amount of magnetomo- 
tive force (mmf). 

Ampere-turns defines the magnetizing force. but the magnetic 
field intensity depends on the length of the coil. Solenoid intensity 
(H) can be calculated using the formula 


NI (ampere-turns) 


HS l (m) 





X 
it 


intensity at the center of an air core (mks) 


~ 
il 


length between the poles at the end of the coil 


Intensity is actually the mmf per unit of length. 

The solenoid is designed to produce a certain force on a plunger 
within its inner core. The plunger is allowed free travel over a speci- 
fied distance within the solenoid core. The plunger and its stop are 
separated by a short distance called the air gap. The air gap of a 
magnet is the space between its two poles. The shorter the air gap. 
the more intense the magnetic field in the gap for a given pole 
strength. | 

When the solenoid is energized. the plunger is forced in a linear 
direction by the potential force of the coil design. In direct-acting 
solenoids. the plunger pushes a spool or poppet directly. In pilot- 
operated designs. the plunger opens or closes an orifice or pushes a 
Pilot spool to allow hydraulic or pneumatic forces to do the main 
work. There is a trade-off point where direct-acting and pilot-oper- 
ated designs become more applicable to a particular situation. Be- 
cause of the_limited practical force possible by a solenoid. direct- 
acting solenoids are used in lower-flow applications where required 
spool forces do not become excessive. 

Solenoids do create heat. This requires that duty cycle ratings 
need to be evaluated for coil application. Some coils are rated for 
Continuous duty and others are not. This all depends on the ambi- 
ent cooling potential as well as the design of the coil itself and how 
much force the coil is attempting to generate. 

Solenoids are generally rated for their voltage, resistance (in 
ohms), frequency, insulation material. and dielectric strength. 
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| soure / Fig. 2.49. Ammeter connection. 


ters read voltage across the internal resistor. which has been in- 
stalled in the line. This voltage is then converted to read amperage. 
To reduce this error. feedback ammeters are used, which typically 
have a voltage drop of 1 mV or less. The feedback design feeds the 
measured current into a high-gain amplifier. which amplifies the 
signal sufficiently to drive a voltmeter. Again, the voltage reading is 
converted to equivalent amperage. 

In higher-voltage systems. an amp-clamp probe (Fig. 2.50) can be 
used. This ammeter does not require connection into the circuit. 
but instead. is placed around the current carrving wire—The-wire's 
magnetic field is used to indicate the amount of current. 


2.11.8 Wattmeters 


Wattmeters are used to represent the true power draw of a circuit 
or component. Wattage is actually a reading of voltage times amper- 
age. This measurement compensates for errors caused bv fluctuat- 
ing voltage. For example. a 480 Vac power source can fluctuate ow- 
ing to demands of several machines running from the same feed 
line. If vou are trving to measure amperage draw of one particular 
machine. amperage draw is dependent on available voltage: As volt- 
age decreases. amperage increases, and vice versa. So. bv monitor- 
ing both amperage and voltage. and multiplying both. we have a 
unit of measure that is constant with constant load. 

One important factor in measuring true power is the phase shift 
between voltage and current. If the sinusoidal waveforms of each are 
in phase. true power is measured. However. if the two components 
are out of phase. the phase angle must be determined and its cosine 
applied. This formula is 


power (W) = volts x amps x cos ó 
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Fig. 2.50. Amp-clamp probe. 
(Courtesy Simpson Electric Co.) 


where ó is the phase angle. If voltage and current are in phase, the 
cosine will be 1. 

There are several variations in wattmeter design principle. One 
design called the electrodynamic voltmeter and ammeter can be 
used to measure watts; however, its power consumption is rather 
high. It is connected as shown in Fig. 2.51 and the formula for com- 
pensation of (he instrument power draw must be employed. 
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signal conditioner" is a term for the electronics 

tation voltage to an instrument or to translate 

Sign the instrument into a usable output or both. The 

Mss a either display the value measured or provide an out- 

Baal to the full-scale value of the instrument. 

q cal outputs used include 0—5 Vdc. 0-10 Vdc. 4-20 mA or 

ese outputs are usually a standard feature of any instru- 

. If not standard, output selection is usually available as an 

ion. These outputs are generally sufficient to drive the electron- 

¿s of data capturing equipment. It is recommended that when 

matching a conditioner output to a recording device. the character- 

istics of each be studied carefully. An output signal may not have 
enough power to provide accurate results. 


lag 


2.12.1 Signal Conditioner Options 


It is worth mentioning two features found on a majority of signal 
conditioners. These are peak hold and alarm set points. During cer- 
tain production tests, only one or two data points need to be moni- 
tored to pass or fail a component. In this case. a very inexpensive 
method to provide a go/no go signal is to use optional features of the 
transducer signal conditioner or display (Fig. 2.53). 

Peak hold is very useful when trying to monitor pressure spikes. 
A digital display is generally not fast enough to display a spike. al- 
though its internal electronics are fast enough to process the signal. 
The display is generally adjusted to negate fast data transients so 
that the displav is readable. A sensitivity adjustment is often in- 
cluded to fine tune the display if the numbers are "bouncing" too 
fast. Using the peak hold feature stores the highest measured value 
and the display will lock in at that value until the display is switched 
back to its normal function. This stored value can then be used to 
compare desired high limits of test requirements. This often elimi- 
nates the higl. cost of an oscilloscope or waveform analvzer. 


Ox e=g@ u: 9 
e Sa = 
STRAIN GAGE INDICATOR/COHTAOLLER 


Fig. 2.53. Signal conditioner 
with limit alarm. (Courtesy Vi- 
atran Corp.) 
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Many electronic conditioners are also available with one or two set 
points. These setpoints are triggered when the transducer output 
matches the setpoint. Internal relays are available to provide an on— 
off signal to an external device. This feature has obvious advantages 
when testing a component for proper deadband characteristics or 
any single or dual data point. For example, if testing a piiot-operated 
device for pilot pressure required. this feature allows setting of the 
lower limit (point of minimum pilot actuation) and the high limit 
(point of maximum pilot actuation). If the device shifts between 
both set points, it is operating properly. 

Another excellent test where this feature is useful is during leak 
testing. One set point can sense starting pressure, while the other 
can sense pressure decay point. In the case of high-resolution pres- 
sure decay leak testing. a pressure transducer and differential pres- 
sure transducer are used, each with their own display with dual set- 
points. (See Chapter 3, Leak Testing.) This provides an exceptional 
test setup for high accuracy, high repeatability, and minimal cost. 


2.12.2 X-Y Recorders 
This device incorporates separate conditioning circuits to provide 


an arm moves back and forth along the length of a piece of graph 
paper. Its movement is proportional to the full-scale set value of the 


a graph hardcopy of two variable components. As shown in E ig-2.5. 


x 
x 

















transducer output. Attached to the arm is a mechanism tha moves 
up and down along the length of the arm. Its movement is also pro- 


portional to the full-scale set value of a second transducer output. 
This mechanism contains a pen that marks the graph paper. Most 





Fig. 2.54. X-Y recorder. (Courtesy Western Graphtec, Inc.) 
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Fig. 2.56. Oscilloscope. (Courtesy Nicolet Test Instruments Division.) 


brighter trace than lower cost oscilloscopes using single-accelera- 
tion CRT tubes. This prevents problems encountered with less ex- 
pensive units, which may not illuminate the screen sufficiently to 
allow easy reading of a trace. 

Oscilloscopes allow easv manipulation of input signals. Once the 
X and Y full-scale values are selected, the scale can be tailored to 
increase or decrease the wavelength. trace width. and intensity. 
Triggering of the trace is adjusted so that the scope begins to display 
a trace at the setpoint desired. This is especially useful when only a 
small amplif: d section of a transducer output reading is desired. 
Each time the transducer output reaches the setpoint. a new wave- 
form will be displayed. 

Once the trace is set properlv and it corresponds to grid scales. a 
photograph is usually taken to document the test results. 


2.12.5 Analog Storage Oscilloscopes 


Analog storage scopes work as described previously with an added 
feature. A fine wire mesh or special phosphor coating on the screen 
is used as a storage medium. Once the original electron beam has 
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created a trace on the screen, a secondary low-power electron beam 
source is used to maintain the trace brightness. 


:2.12.6 Digital Storage Oscilloscopes 


Digital scopes (Fig. 2.57) work on an entirely different basis than 
the analog designs. The unit stores the input signal into digital 
memory after it amplifies the signal and converts it through an ana- 
log-to-digital (A/D) converter. This sample now has respective bit lo- 
cations on an X-Y grid corresponding to the sampled waveform. 

To reproduce the waveform, the scope must feed the stored infor- 
mation back into analog form through a digital-to-analog (D/A) con- 
verter. The analog signal is then amplified and used to drive the 
deflector plates of the CRT. The obvious advantage is that the sam- 
pled waveform can be stored indefinitely. 

Digital scopes at present are not as fast responding as are analog 
units. In many cases the analog signal must be read, converted to 
digital memory. retrived from digital memory and converted to ana- 


E AAA Wen e ten DEE es 





E ig. SCH Digital storage oscilloscope. (Courtesy Nicolet Test Instruments Di- 
ton. 
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Fig. 2.59. Multichannel data logger. (Courtesy Acurex Corp.) 


A/D conversion to digitize the signal. The A/D converter is the main 
element of the system, which dictates system resolution. This trans- 
lates to accuracy and speed. Once the signal is in digital form, input 
channels can be scanned for data analysis and storage. The scan 
rate or synchronization of the scan can be another hinderance in 
high-speed data collection. The scan can normally be programmed 
to monitor various channels at different scan frequencies or moni- 
tor several «.iannels simultaneously, reacting to the highest priority 
output. More complex systems allow a data aequisition system to 
monitor inputs. make optimizing decisions. and react to provide to- 
tal system control. 

Sampling rate (or scan rate) is an important feature when sam- 
pling at high speeds. The Nyquist sampling theory dictates that 
sampling rate must be at least twice the speed of an input analog 
signal. This allows the system to recover the signal without distort- 
ing it. It is also recommended that when scanning waveforms. such 
as a sine wave input. that the curve be scanned at least 10 times for 
reproducible results. 





2.12 DATA ACQUISITION EQUIPMENT 157 


Data acquisition software and peripheral devices now allow the 
personal computer to be used for data collection. This is accom- 
plished by optional VO cards installed in the PC or ina remote card 
cage. Also. front end systems can be interfaced to a host computer. 
This flexibility allows an existing in-plant PC to also provide a data 
collection function. The cost is relatively inexpensive: thus. this 
method is gaining increasing acceptance. 
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160 TEST PROCEDURES 


3.1.1 Pressure Drop versus Flow 


Pressure drop versus flow is probably the most basic test con- 
ducted. Viscosity plays an important role in this test. since in- 
creased viscosity results in increased pressure drop. Some compo- 
nent manufacturers will use a low-viscosity fluid when developing 
basic performance data: this is misleading in certain cases. If the 
rated component pressure drop is not corrected for a higher-viscos- 
ity system, several problems could occur, including heat generation, 
insufficient pressure, response change, and decreased efficiency. In 
short, pay attention to fluid viscosity when testing for pressure drop 
or when reviewing pressure drop data. ! 

An important consideration when conducting pressure drop tests 
is to eliminate (as much as possible) any pressure drop from fit- 
tings. hose. or other components. This is sometimes a difficult task. 
since the pressure gage or transducer used may alreadv be plumbed 
into the system in a less than ideal location. The gage should be 
connected at the inlet port of the component or at the point where 
pressure drop data are needed. This can be accomplished with a 
small ID hose. as this hose will not contribute any error to pressure 
readings. This is because pressure within the hose is static (no 
flow): therefore. no pressure drop is created. 

The next important step is to eliminate pressure drop on the valve 
outlet (or the downstream side of the test point). Any additive pres- 
sure will result in a higher pressure reading at the component inlet. 
The ideal situation would be-to let the oil escape to atmosphere. but 
this could get rather messy. Instead. a pressure tap is usually in- 
stalled at the componen outlet and the return line pressure is moni- 
tored. Return line pressure is then subtracted from inlet pressure 
to produce the exact pressure drop value. 

Collecting pressure drop data in this manner can produce errors. 
If two separate gages are used (one at the inlet. one at the outlet). 
then the gage accuracy of each. as well as the linearity of each. could 
ope the error deadband. One wav to eliminate this possibility is to 
use a selector valve connected to one gage and both test points. The 
same gage can then be used for both readings. However. if the pres- 
sure drop across the test component is too large. and return line 
pressure is very low. this may not help either. 

Pressure gages are generally rated with an accuracy of percentage 
of full scale. The higher the pressure. the more accurate it becomes 
in terms of actual psi. Therefore the low end of the scale becomes 
rather inaccurate. It is important in pressure drop testing that this 
potentia] cause of error is reviewed. 


3.1 FLOW AND PRESSURE TESTS 161 


Differential pressure gages can be used to eliminate the problems 
already discussed. The high-pressure side is connected to the valve 
inlet and the low-pressure side is connected to the valve outlet. Ac- 
tual pressure drop can then be read. This device compensates for 
variable- retum line pressures due to changes in flow rate. 

Whether standard gages or differential gages are used, it is impor- 
tant to use the lowest range gage possible: this increases accuracy. 
For example, a 5000 psi gage with + 1% full scale accuracy equates 
to + 50 psi, while a-100 psi gage with the same accuracy equates to 
+ l psi. In pressure drop tests. only enough pressure to create the 
desired flow rate is necessary. Even components designed for 
10.000 psi service need only 100 Psi supply to measure a 100 psi 
drop. However, if the system is to be used at higher pressures. the 
low-range gages must be removed or protected from pressures in 
excess of their rating. Some differential gages are designed for high- 
pressure service, so this does not always apply. Check your gage's 
ratings to verify maximum allowable operating pressure. 

Pressure drop is a function of pressure at a certain flow. There- 
fore, accurate flow measurement is also necessary. Figure 3.2 de- 
picts a typical pressure drop versus flow curve. Flow should be mea- 
sured at the component outlet unless there is the possibilitv of 
internal leakage preceding the flowmeter. It is then recommended 
that inlet flow is measured. paving attention to pressure variations 
that cause flowmeter error. 

Some components use the C, factor to define pressure drop versus 
flow characteristics. Figure 3.3 shows a butterfly valve being tested 
with-air-te-develop-C.. rating. There are basically two C, rating types: 
one used for gas as a medium. the other used for water applications. 
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Fig. 3.5. Maximum flow and pressure test. (Courtesy Rockwell International.) 


3.1.3 Minimum and Maximum Pressures 


Minimum and maximum pressures define malfunction points as 
well as safe operating limits. Minimum pressure is similar to mini- 
mum flow, in that a component must have sufficient supply to over- 

ome the minimum forces required due to the basic design of the 

component. For example. a relief valve may have a range of 100— 
3000 psi (Fig. 3.6). In this case. the minimum operating pressure 
before the valve works is obviously 100 psi. because of spring rate. 
surface area of the poppet. etc.. which must be overcome. If too low 
a rating were applied. the valve would become unstable at low pres- 
sure. 

Pressure must be sufficient to operate or pilot spools across flow 
forces. Pumps require a minimum pressure artheir imlet-Cylinders. 
motors. and actuators require minimum pressure for “breakaway” 
to overcome mechanical friction and other effects. 

The component is subjected to increasing steps in pressure until 
proper operation occurs. 

Maximum pressure, on the other hand. defines either the point 
at which a component will cease to function or a point of operation 
where the component safety factor of operation is reached. There 
are generally three terms used to define the maximum pressure a 


component may withstand: 
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Minimum pressure setting 





Fig. 3.6. Minimum relief valve © 5 10 15 20 25 
oM __ AMM 


operating pressure. (Courtesy 
s (20) (40) (60) 80) 
Rexroth Corporation.) Flow GPM (L/min) Í m 


Dilforential prossura P, Po PSI (bar) 
8 


Dien Continuous Pressure means just that. A component 
with this type of rating can be used 100% of the time at maximum 
rated pressure without abnormal degradation of performance. 


Maximum Intermittent Pressure is usually described as a per- 
centage of total operating time a component can be used at a spec- 
ified maximum pressure. For example, a specification may read: 
3000 psi continuous pressure. and 4000 psi intermittent pres- 
sure—intermittent defined as not more than 5 min operation dur- 
ing a 1-hr period. 

Maximum Surge Resistance concerns the component rating 
with occasional pressure spikes encountered in normal operation. 
This-has-some bearing on burst pressure and-imputse-cycle-rat> 
ings. However, many components can easilv withstand an occa- 
die spike, while continuous impulse will cause premature 
ailure. 





creased step by step. Generally, the ratings described are a function 
of proof and burst pressures, described in the next section. Compo- 
nent performance is evaluated to determine anv variance in proper 
Operation. 

NFPA/T2.6.1. Method for Verifving the Fatigue and Static Pres- 
sure Ratings of the Pressure Containing Envelope of a Metal Fluid 
Power Component, outlines static test procedures. The formula 
used in this instance is 


STP = K, x RSP 
where 


STP = static test pressure 


^ 
lI 


» = variability factor 


à 


rated static pressure. which is selected by a manufacturer 
as a component rating. 
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Fig. 3.7. High-temperature 
valve test. (Courtesy Rockwell 
International.) 





to determine any performance degradation including leakage (Fig. 

3.8). After the test, internal parts are checked for fatigue or dimen- 

sional change. This test is conducted with a constant test tempera- 

ture or an incrementally increased or decreased temperature over a 

period of time. This procedure differs significantly from the temper- 
 ature cycle tests discussed subsequently in this chapter. 


3.1.7 Minimum and Maximum Viscosities 


You will note that most fluid power components are rated over an 
optimum fluid viscositv range. Tn addition. the types of oii recom- 
mended define the best selection for that particular component. Per- 
formance ratings. such as pressure drop. response time, etc.. are all 
related to a specific fluid viscosity. 

Minimum viscosity limits define the point where internal leakage 
mav become excessive. reducing the overall efficiency of a compo- 
nent. In particular. pumps and motors are affected bv lower ad 
ity. A pump thatis 95% efficient at 150 SSU may drop to 50% effi- 
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ciency at 40 SSU. If this pump is run by an electric motor sized 
at 85%, the motor will become overloaded, or insufficient flow and 
pressure will result. In many applications, the minimum viscosity 
limit of a component is overlooked during the design stage and the 
problem is discovered.after-the-fact. 

Maximum viscosity limits define the points at which pumps can 
no longer pull a suction or require higher supercharge. Response 
time increases until a component is too slow. Pressure drop in- 
creases considerably until insufficient pressure supply causes a sys- 
tem to stall. This is particularly common with mobile equipment. 
which sits outside in cold weather. 

Yes. viscosity is dependent on temperature (and pressure). But. 
this rating does not account for temperature. When the test is per- 
formed, fluid temperature is one method used to modify viscosity to 
set the proper parameters for the test. However. the component is 
never subjected to any temperature extremes that may shadow the 
effect of viscosity. In fact, for proper test data different fluids may 
be used to achieve various viscosity points at a common tempera- 
ture range. When a component is selected. viscositv ratings have no 
bearing on operating temperature. However. when a component is 
selected, the system temperature swing should be reviewed to deter- 
mine that fluids' viscosity at both ends of the temperature spec- 
trum. If viscosity of that fluid is within the-recommended range. 
then seal selection should be reviewed to determine proper elasto- 
mer material. 


3.1.8 Cycle Tests 


This type of test is conducted to determine how well a componeni 
withstands multiple cycles of normal operation. Solenoid valves. for 
example, are sometimes rated for 10° or 10’ cycles capability under 
normal operating conditions. This test is conducted under condi- 
tions in which the component is rated. Temperature shock, pres- 
sure shock. etc., do not apply here. 

The component is connected to a system that supplies flow, pres- 
sure, and temperature within the component's range. Backloading 
is sometimes used to simulate a particular field condition. The test 
System automatically cycles the component over a timed period. 
with amount of cycles recorded on a counter. This type of test can 
run for hours or weeks depending on the severity of the test and the 
time it takes for one complete cycle. 

A typical cycle would be for a solenoid valve rated at 5 gpm and 
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Fig. 3.9. Pump test facility. (Courtesy Rexroth Corporation.) 


mended test circuitry, and general definitions. Specific test proce- 
dures as outlined by the NFPA are also detailed throughout various 
sections of the pump and motor test procedures. 
ANSI/B93.27M-1973 (R1979] (NFPA/T3.9.17-1971). Method of 
Testing and Presenting Basic Performance Data for Positive Dis- 
placement Hvdraulic Fluid Power Pumps and Motors, is also a proce- 
dure developed to standardize various tests used during pump eval- 


uation. 


3.2.1 Pump Flow versus Speed Test 


The graph depicted in Fig. 3.10 shows the typical flow versus 
speed relationship found in most pump manufacturer's literature. 
On this graph. several pump sizes (4—22) are represented at two dif- 
ferent pressures. Note that the curves start at 500 rpm. which repre- 
sents a minimum speed rating for most models. Flow versus speed 
tests are. for the most part. a linear relationship. with the exception 
of efficiency effects. Note the difference of flow output of size 22 at 
290 and 3000 psi. The increased pressure causes decreased effi- 
ciency (internal leakage). thus providing less flow at the same speed. 
This test is also performed with a specific fluid at a specific tempera- 
ture in order to define the viscosity effect on pump performance. It 
is very important to evaluate published data versus actual condi- 
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p = 290 PSI ( 20 bar} 
P = 3000 PSI (210 bar) 


Output flow graph 








Flow GPM (L/min) 
8 
à ue 
NN 


8 





(10) 25 








Fig. 3.10. Pump flow versus 
speed curve. (Courtesy Rexroth + |} 1000 SS 
Corporation.) Speed (RPM) 





tions in order to select the proper pump. Lower operating speeds 
and lower viscosity can combine to affect pump output drasticallv. 

When conducting this test. it is important to have sufficient 
pump inlet pressure. accurate flow and pressure instrumentation. 
back pressure regulation. and a variable speed drive with sufficient 
torque and tachometer output. 


3.2.2 Input Horsepower versus Speed Test 


Continuing the evaluation of pump size 22. the curve shown in 
Fig. 3.11 depicts the amount of horsepower required at a specific 
drive speed and operating pressure. Insufficient HP will cause a SVS- 
tem to stall completely or possibly to damage other system compo- 
nents. Excessive HP is never a problem. provided that pump output 
and pressure are limited. The pump will only draw as muc.: HP as 
is required by the system. As you can see. HP requirement increases 
as speed increases owing to the nature of the HP equation. which is 


torque (in.-]bf) x rpm 
63025 


This test is also affected by pump efficiency. Many pumps have 
been undersized owing to low viscosity or low speed. An accurate 
test would require a good torque transducer, tachometer. and pres- 
Sure-measuring equipment. 
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L s Fig. 3.13. Pump inlet pressure 
versus speed. (Courtesy Rex- 
Inlet pressure Pan, (bar) 7" — roth Corporation.) 


loop pumps with suction capability are used at high altitudes. par- 
ticular attention should be paid during this test, since increased 
altitude equates to lower barometric pressure, thus providing more 
demanding lift requirements on the pump. An inlet restrictor valve 
should be used to restrict pump inlet and pressure or vacuum 
should be read on a gage with a very small range to maintain the 
accuracy of pressure reading. Be careful not to exceed pump rating. 
since a starved pump will cavitate and possibly self-destruct. 

The mainmfactorinvolved-in a pump’sinlet ratingis speed as de- 
picted in Fig. 3.13. A pump with suction capability eventually re- 
quires boost pressure at some drive speed point. Tests should be 
conducted at the actual speed of the system in which the pump is 
applied. with-attention-paid-to fluid viscosity-and-type. 


3.2.6 Pump Efficiency 


Pump efficiency can be related in three different ways: volumetric 
efficiency. mechanical efficiency. and overall efficiency. 

Volumetric efficiency is the percentage of actual flow versus theo- 
retical flow. All pumps have some amount of leakage due to clear- 





ances between moving components or through control valves or ori- 
fices. The amount of leakage is proportional to the operating 
pressure of the pump outlet. The higher the pressure. the larger the 
leakage. Testing volumetric pump efficiency is easy if the pump has 
a case drain. In this case, output flow versus case drain flow are 
monitored at various pressures and the ratio of these two values are 


calculated as 


output flow — case flow 


output flow aie 
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Where no case drain is provided, the actual output flow at various 
pressures versus calculated mechanical displacement must be used. 
Pump manufacturers have the machining drawings necessary to de- 
rive this information. Field testing procedures must rely on pub- 
lished theoretical flow data in manufacturers’ literature. In this 
case, the formula used is 


actual pump flow 
theoretical pump flow 





x 100 


Another formula widely used bv pump manufacturers (when ac- 
tual pump displacement is not known) to determine pump flow with 
adequate accuracy is 
gpm x 231 

rpm 
This test is conducted by running the pump at rated rpm at 100 psi 
outlet pressure. 

It is generally important to know efficiency data when applying a 
pump to a system. Often this is overlooked and a system operates 
slower than desired due to either unexpected leakage or operation at 
a viscosity lower than used when deriving efficiency ratings. Pump 
volumetric efficiency is very dependent on viscosity and drive speed 
extremes. Temperature greatly affects fluid viscositv characteristics, 
so pumps should be tested not only with the proper fluid. but also 
at the highest temperature at which the pump must operate. 

Mechanical efficiency describes the relationship of theoretical in- 
put torque versus input torque required. Enough input power must 





pump displacement (in.*/rev) = 


‘be provided for required output plus the mechanical losses present. 


In this case. input torque is monitored with a torque transducer. 
while output flow and pressure are unrestricted. To achieve accu- 
rate test data, the pump should be run at zero output pressure and 
output flow totally unloaded without fittings and tubing to provide 
even minimal restriction. 

This efficiency rating is used to define the amount of pow.. neces- 
sary just to turn the pump at a given speed. Input torque is recorded 
at various speeds and then compared to input torque readings at 
the same speeds but at various pressures. This allows the calcula- 
tion 


theoretical torque 
actual torque 





mechanical efficiency = - x 100 


Where theoretical torque is determined by 


pressure (psi) x displacement (in.*/rev) 
27 
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180 TEST PROCEDURES 


Size 40 
Sound level: measured in sound chamber at a 
distance of 39” (1 Meter) from the pump. 


Sound level (dBA) 








| 


vaso Fig. 3.16. Pump sound level 


F———— p š 
20] (40; (50) (80) (100) output (Courtesy Rexroth Cor 
Operating pressure PSI (bar) poration.) 


ANSI/B93.71M-1986 (ISO 4412/2) (NFPA/T2.7.4M-1983). Hydrau- 
lic Fluid Power Pumps— Test Code for the Determination of Airborne 
Noise Levels, establishes a defined test procedure for monitoring 
and recording pump noise levels. Prior to the issuance of this stan- 
dard it was difficult to determine pump noise based on available 
data. While many pump manufacturers used proper care in gather- 
ing test data. others did not. 

This standard provides detailed data concerning measurement 
uncertainty-test environment. instrumentation. pump-installation 
conditions. operating conditions, and sound instrument location. 
Instructions for conducting the test procedure, recording of data. 
and calculations for pump mean sound pressure levels and sound 


Pump characteristics to be recorded during the test include de- 
scription of fluid, viscosity of fluid, pump inlet fluid temperature, 
shaft speed. inlet pressure. outlet pressure, and pump flow. 

Copies of the procedure can be obtained from the NFPA. 


3.2.10 Shaft Loading E 


Pumps are often applied within systems that do not provide in- 
line drive to the pump shaft. Pump manufacturers usually recom- 
mend that a pump shaft and drive be interconnected with a flexible 
coupling to prevent any shaft loading due to eccentric or nonparallel 
shaft positions. 

Some pumps are used with a belt drive, which is generally the 
worst case situation and the reason for this test. As force is applied 
to the belt or chain the pump turns, but forces generated by the 
rotational input also convert to side loads, attempting to pull the 
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pump toward the drive shaft. This side load acts against the bearing 
surfaces of the pump. Some pumps are designed for this situation, 
since oversized bearings are installed on the shaft. Others will fail 
due to insufficient bearing surface design. 

This is-usually-a destructive test conducted by-a-manufacturerto 
compile bearing life rating data or by a user to predict pump life in 
specific field application. 


3.2.11 Flow Degradation from Contamination 


The flow degradation from contamination test is used to deter- 
mine the effects on a pump that is continually subjected to a partic- 
ular level of contamination. This problem decreases pump efficiency 
owing to the abrasive action on moving part clearances. 

NFPA T3.9.18M R1-1978, Method of Establishing the Flow Degra- 
dation of Fixed Displacement Hydraulic Fluid Power Pumps when 
Exposed to Partculate Contaminant, defines a procedure used to 
standardize this test. The claim is made that this test may not ex- 
actly simulate field conditions because additive effects from "water 
and the action of oil chemistry and water on pump wear surfaces” 
is not considered during this procedure. 

Basically. the test pump is installed in a test loop that consists of 
a back loading valve, clean-up filtration loop. heat exchanger. and 
flowmeter. An injection chamber is used to add AC Fine Test Dust 
to the test loop so that specified contamination levels can be at- 
tained. The test pump is run within the manufacturer's limits of 

d, temperature. outlet pressure. and-inlet pressure during the 
test cycle. Flow output is recorded during specified time intervals to 
determine the potential reduction of flow at various pressure levels. 
Flow degradation at the end of the test is expressed as flow degrada- 








“+ tion ratio (Q,). which is the ratio of the stabilized flow rate after test 


versus flow rate prior to the test. 
Copies of the exact procedure may be obtained from the NFPA 


3.2.12 Pump Ripple 


Pump ripple is caused by the frequency of the rotating compo- 
nents, which produce output flow and pressure. In slow motion. 
pump gears mesh or vanes and pistons provide cyclic pressurization 
of small internal chambers. The combined output of each of these 
pressurization cycles produces what appears to be smooth flow 
output. 

In essence, this is true when flow is monitored by a slow-response 
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184 TEST PROCEDURES 


on standard test stands. Hydraulic pumps with similar characteris- 
tics are generally used to test motors in the range of 200 to 3600 
rpm. Speeds below 200 rpm typically freewheel the pump, because 
inefficiency has not yet been-overcome. 

The best way to measure torque is with a rotary torque transducer 
mounted between the test pump and loading device. This instru- 
ment can be calibrated in exact engineering units with a high de- 
gree of accuracy. An inexpensive method to closely approximate 
torque when using hydraulic pumps to load the motor is to install 
a pressure gage at the pump outlet. The pressure developed by the 
pump across the relief valve is directly proportional to the pump dis- 
placement minus efficiency effects. In fact. some pressure gage 
manufacturers will print a secondary range on the gage dial for a 
nominal fee. If the torque versus pressure relationship is known, 
the torque scale can be printed on the dial. The procedure is not 
recommended for high-accuracy testing owing to the inconsistency 
of efficiency, but this is a reliable method to use to verify that noth- 
ing drastic is wrong with a rebuilt motor. 

One word of caution when using a hydraulic pump for back-load- 
ing. The cooling system must be designed to dissipate the total 
amount of input HP created by the flow and pressure across the re- 
lief valve. Without-appropriate cooling, system heat will increase 
rapidly during continuous testing. 

When testing LSHT motors, accurate control of load at low speeds 
is important. Some units achieve 1 rpm or less. which makes load- 
ing difficult. particularly for larger units with higher torque capac- 
ity. Stall torque may even be necessary to achieve complete test results. 

Output torque is expressed by 


xs 
torque (in.-Ibf) = a ee 


3.3.2 Torque Efficiency : 


This test defines the ratio of hydraulic input power to output 
torque and is expressed as 


power output 


theoretical hydraulic power x 100 





efficiency (%) = 


or 


output torque 


theoretical torque iios 


efficiency (%) = 


j 
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This test is accomplished the same as was described for torque 
versus pressure, except careful attention is paid to the input flow 
and pressure at the motor inlet. The flow and pressure relationship 
is-converted to torque-(or power) and compared to-the torque read 
from the torque transducer. 


3.3.3 Torque Ripple 


The torque ripple test is conducted as described previously. except 
that the output of the torque transducer is recorded on a fast-re- 
sponse oscillograph or similar device. Hydraulic motors do not 
achieve smooth torque characteristics owing to the multiple 
pistons, gears. or vanes that accept the inlet pressure through 
timed passages. During rotation, high-pressure oil is diverted 
to the proper piston, while oil is vented elsewhere. It is this cross- 
over period that causes torque to rise and fall. Multiple pistons 
attempt to overcome this situation, but the effect is almost always 
present. Whether it creates a problem within the system is question- 
able during actual operation. Typically. high-response servovalve 
systems are the major application where ripple may be objection- 
able. 


3.3.4 Volumetric Efficiency 


The internal fluid leakage in a hydraulic motor defines volumetric 
efficiency and is expressed: 


output flow 


input flow 2400 


volumetric efficiency (%) = 

During various loads, pressures and. most important, speeds. in- 
let flow and outlet flow must be recorded to define leakage. Motors 
that have case drains make this test simple, since all leakag exits 
the motor through this port. in this case output flow — input flow 
— case flow. 

Motor speed is important as detailed in Fig. 3.18. A low-speed mo- 
tor is tested at various pressures from 0 to 270 rpm. Note that volu- 
metric efficiency drastically drops between 5 and 10 rpm. This re- 
duction in efficiency often gets fluid power designers into trouble. 
Insufficient torque at lower speeds is sometimes important, but 
Sometimes overlooked. 

Note that as pressure increases, so does inefficiency. Higher pres- 
Sure creates higher leakage flow through constant area leak paths. 
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188 TEST PROCEDURES 3.3 MOTOR TESTS 





189 
= pressure until shaft movement is noted. This will be the breakout 
Š pressure. For no load running tests, a tachometer should be con- 
E nected to sense rpm. but remember. no loading on the shaft. 
° == 3.3.10 Acceleration/Deceleration 
Š Fig. 3.20. Motor case drain flow. 
Pressure (PSI) (Courtesu Rexroth Corporation.) The acceleration/deceleration test may be destructive and is usu- 
ally performed only by a motor manufacturer. This test allows the 
is "i : ; itive; eincexmore viscous fluids 4n: manufacturer to derive data that will help predict the life of a motor 
uspiam € VESE used in high-cyclic applications. Usually the motor is run at no load 
Wine ota ce š l tó th hànicáal desianof thëimotot. and and loaded conditions for a predetermined amount of up/down cy- 
e GE E ES SE e p aa SE EE ctors cles. At preselected intervals, the motor is visually and dimension- 
ID ue bigi imgs. DE PT oa š Pa ally checked for fatigue-related problems. 
etc. A manufacturer will test a motor to determine acceptable life 
cycles at the upper speed range. f _ 
Both these tests are conducted at loaded and unloaded conditions 3.3.11 Degradation due to Contamination Ya 
$ " : . < . 
to deterius the ful operating characteristics of the motor. NFPA Standard T3.9.25M-1977 (R1982), Methods of Establishing a s: 
the Speed Degradation of Hydraulic Fluid Power Motors when Ex- En > 
5 
3.3.9 Motor Breakout/No Load Pressure posed to Particulate Contaminant, was established to provide a RE 
The pressure required to start a motor turning is termed the "uniform repeatable method for determining and reporting motor < y 
i tami DU Y 
breakout pressure. Typically it takes more pressure to start a motor E p DR S A € Speed and pressure cycles a motor am 
5 VE EN 3.21 CIE oh should be subjected to while various prescribed contaminant parti- K š 
plu i babe Jas Ge — E 2 si eid "29 psi at 70 ! cles are injected into the motor test circuit. Motor speed at the start sb 
motor requires 160—170 psi to-start-turning and only P of the test is recorded, and speed is monitored throughout the test > ë 
rpm. ! AES j SC Ke - 








ui cC, aru p ure remia g constant. e 


; Geng that emi » 16d Slowiv Reise contaminant used during the test is AC Fine Test Dust. 
nected from anything that will cause any loading. Slow Copies of the exact procedure may be obtained from the NFPA. 
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Type MCS5 





m: "e | 3.3.12 Airborne Noise Levels 
wp tt E | ANSI B93.72M-1986 (NFPA/T2.7.5M-1985) (similar to ISO 1412 
232 i LT T 1⁄2 46.6 mier ~ i 2). Hydraulic Fluid Power Motors—Test Code for the Determination 
mel WN a mre of Airborne Noise Levels, describes a standard method of obtaining 
e ™ mean) JA 23.3 mires . Sound power levels under controlled test conditions. 
8 w Er j |] The method describes procedures for the installation and opera- 
C 16 5 > 


ting conditions required as well as instrumentation requirements. 
The test procedure details step-by-step instructions for eliminating 


r Ñ background noise error and the method of sound level measure- 
29 A : 
ment. 
Fig! 3.21. Motor breakout and no t Equations are also provided to calculate the motor sound 
0- 100 200 300 load curve. (Courtesy Rexroth Cor- pressure rating used to define motor characteristics. 


Speed (rpm) poration.) Copies of the procedure are available through the NFPA. 
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192 TEST PROCEDURES 


allows a pump output to be monitored at both a flowing condition 
and at deadhead. A back-pressure device and fast-acting solenoid 
valve are placed at the pump outlet and a pressure transducer, is 
booked to an oscillograph (or similar device), to record output pres- 
sure. Actual test parameters are generated by a manufacturer or by 
a specific application. Actual flow during response cannot be moni- 
tored owing to the slow response of most flowmeters. 

With the pump at a stable flow and pressure, the solenoid valve is 
energized and the time between solenoid energization (minus valve 
response time] and stable deadhead pressure is recorded as re- 
sponse time. Conversely. the solenoid valve is deenergized. or a re- 
dundant manual valve is opened, and deadhead pressure to stable 
flowing pressure is recorded as response time. 

Other response tests may require response to flow, which is moni- 
tored by swashplate position. Additional problems encountered are 
response of other components, instrumentation, and the compress- 
ibility of the fluid. 

Figure 3.23 depicts the response characteristics of several pump 
sizes with a specific control option. As shown, response time is de- 
pendent on system (deadhead) pressure. Response to deadhead in 
this design decreases slightly with increased deadhead pressure. 
Response to full flow-depicts a more defined variation with changing 


Response to full flow (Oreo > Omar 
C-control 


Response to deadhead (Ong, > Qiu 


C-contro P p 
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Fig. 3.23. Pump response characteristics. (Courtesy Rexroth Corporation.) 
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Fig. 3.24. Pressure-compen- 1 2— 7260-— — ——— 
sation curve. (Courtesy Rex- È a ! 


Flow Q GPM (L/min) —= 


roth Corporation.) 


deadhead pressure. In addition to flow, pressure is monitored to de- 
fine the potential peak pressures caused by rapid response. Re- 
sponse to deadhead tests shows an overshoot in pressure with a fol- 
lowing droop and stabilization time prior to constant pressure 
output. 


3.4.2 Pressure/Flow Compensation 


The pressure/flow compensation test is probably the most com- 
mon control test applied to variable-volume pumps and motors. be- 
cause the pressure compensator is the most frequently used control 
type. Pressure and flow compensations are similar and often identi- 
cal. Once set pressure is reached on a pressure-compensated pump. 
the pump destrokes to the flow that maintains the set pressure. Fig- 
ure 3.24 depicts this situation with the compensator set at 5100 psi 
(high end) and 725 psi (low end). A flow compensator wil! maintain 
a set flow regardless of changes in load or speed. Figure 3.25 depicts 
a flow-compensated control with the function of flow and pressure 
reversed on the X-Y scales. 

These controls are tested for the flow versus pressure relationship 


AQ (see lable) 


Flow Q 


Fig. 3.25. Flow-compensation 
Curve. (Courtesy Rexroth Corpo- 
ration.) Operating pressure p 
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Fig. 3.28. Flow versus input voltage curve. (Courtesu Rexroth Corporation.) 


3.4.6 Pump Output versus Electric Input Signal 


In Fig. 3.28. pump flow (swivel angle) versus control voltage is de- 
picted. This defines the linear relationship of an input voltage to a 
control device. versus the resultant displacement from. that signal. 
Again. an overcenter pump is depicted with 26.5*—0'—26.5* travel. 
The curve also represents a hysteresis deadband that is labeled as 
< + 1.5% of full scale. This test requires that accurate voltage (low 
current levels) and flow readings be taken. 

As an example of the electric to hydraulic signal conversion re- 
quired to stroke a pump. Fig. 3.29 depicts the mechanism. A spring- 


4 


Spnng centennp Double rod control piston Control cylinder 





Fig. 3.29. Electric to hydraulic signal conversion. (Courtesy Rexroth Corpo- 
ration.) 
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m 
eo 





Control oit volume 


KI 
o 


Fig. 3.30. Control oil volume ver- 
sus control time. (Courtesy Rex- 01 02 03 oL 05 
roth Corporation.) Control time |; Is! 


centered double rod cylinder is positioned by a proportional valve. 
The control piston is mechanically linked to the swiveling cylinder 
block assembly. An electric signal to the proportional valve provides 
a hydraulic pilot to the control piston that controls pump displace- 
ment. 

Another test required on this control type is control oil volume 
versus control time as depicted in Fig. 3.30. The faster control oil is 
fed to the control piston, the faster the response. 


3.4.7 Pump Output versus Hydraulic Input Signal 


Pump output versus hydraulic input signal control design directly 
converts a remote pressure source to appropriate displacement. Fig- 
ure 3.31 depicts an overcenter pump with a required pilot pressure 
of 85-260 psi from 0 to 100% displacement. Again. a deadband be- 
low 85 psi exists to eliminate false signals and ensure pump de- 
stroking. 


Flow as % of Flow as % of 
max. delivery max. delivery 


EN 


Pilot pressure 
at port Y, 


Pilot pressure 
at port Y, 





Fig. 3.31. Pump output versus hydraulic pilot. (Courtesy Rexroth Corpora- 
tion.) 
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SAE J747a, Hydraulic Equipment Test Code—Directional Control 
Valves, outlines several procedures for testing pressure drop leakage 
rate, operating effort, relief valve characteristics, and metering char- 
acteristics. 

ANSI B93.49M-1980 (NFPA/T3.5.28-1977). Hydraulic Fluid Power 
Valves, Pressure Differential-Flow Characteristics. Method of Mea- 
suring and Reporting. defines a standard procedure used in gather- 
ing test data on valve pressure drop. 


3.5.1 Valve Response Time 


A valve response time test is used to predict the time it takes for 
a valve to respond to an input signal. The signal can be electric. 
pneumatic, hydraulic. or mechanical. The valve can be a directional 
control valve or a pressure or flow control valve. 

Directional control valves are supplied in a wide variety of operator 
types and designs. Spool valves, for example, can be direct-acting. 
pilot operated, or manual design. When spool valves are tested for 
response time, the main spool is usually connected to a position- 
sensing instrument such as an LVDT. A timer is used to measure 
the time between input signal to the valve and the point where the 
main spool is fully shifted. Again. the response is checked for the 
spool to return to center from the time the input signal is released. 

In actual evaluation, there are a series of individual events, each 
of which have their own response time. The additive responses of 
each event are combined as a rating for the valve. For example. let 
us take the case of a pilot-operated solenoid valve as pictured in Fig. 
3.33. The initial input from where the time starts is when voltage 
is applied to the coil. the coil has a rating called force versus air gap. 
which is used to determine the force exerted by the coil along the 
full length of coil plunger travel. The pilot spool has a certain mass 
on which this force is exerted to create pilot spool shift. There are 
several forces in addition to mass that must also be overcome. Me- 
chanical friction caused by-spool/sleeve fit and spool side loading 
from pressure forces must be overcome. Once the spool begins to 
shift, passages open and close, causing flow that must be sheared 
by the spool lands. There is a relationship between shear forces and 
fluid type as well as effects of viscous dampening caused from spool 
displacement. 

Once these factors have been overcome, the pilot spool begins to 
supply pilot fluid to one side of the main spool, while the opposite 
side of the main spool is vented to tank. In order to avoid excessive 
main spool speed. some valves are designed with orifices either re- 
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Fig. 3.33. Pilot-operated solenoid valve. (Courtesy Rexroth Corporation.) 


stricting pilot flow to the spool or metering fluid out the vented side 
of the main spool. In these cases, small check valves are sometimes 
used to bypass these orifices in the opposite direction of controlled 
flow. The main spool response therefore depends on orifice size, ap- 
plied pressure, and fluid viscosity. The rate at which pilot flow is 
supplied into the displacement volume of the shifted main spool 
governs the response time. Other additive effects are back pressur 

in the return line, return spring force, spool surface area, and radial 
jet pressure and axial jet pressure (causing increased spool friction). 

Tests should be conducted with instrumentation having high re- 
sponse characteristics so that test results do not include instrumen- 
tation response. It is also imperative to know oil viscosity, pressure, 
and flow information. 

In some devices response time is measured by flow or pressure 
output rather than just spool travel. Spool travel can define mechan- 
ical response, but system response is also dependent on fluid com- 
pressibility. Compressibility is dependent on system fluid volume. 
rate of oil flow, and pressure desired. Compressibility i. also gov- 
ered by fluid characteristics. Most flowmeters do not-have the re- 
Sponse necessary to provide accurate data on events occurring in 
less than 1—5 sec, so flow is usually monitored as a function of pres- 
sure. Pressure instrumentation is generally fast enough for most 
tests. 


3.5.2 Seat Leakage/Spool Leakage 


Valve internal leakage is sometimes a critical factor in system de- 
Sign. Load holding capability of a check valve used to maintain posi- 
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s - Q - curve (transition characteristics) 
s- Ap - curve 
Connection between spool movement "e", flow “Q” and pressure drop “ap” 
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Fig. 3.35. Spool metering. (Courtesy Rexroth Corporation.) 


ing be accomplished to determine flow regulation under field condi- 
tions. 

Testing is performed with a flowmeter at the regulated port outlet. 
while pressure at the inlet and outlet are monitored. Spool position 
is monitored and flow versus position curves are generated. 


3.5.6 Minimum and Maximum Coil Voltages 


In this test. a solenoid valve is subjected to its maximum flow or 
pressure rating or both while voltage to the coil is monitored. Volt- 
age is rarely available at its nominal value such as 120 Vac or 12 
Vdc. Voltage fluctuates due to demand of other circuits or the avail- 
ability of power. Solenoid valves are generally rated with a voltage 


t 
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rating of = 10% of nominal. So, a solenoid valve with a 120 Vac 
rating can operate as low as 108 Vac or as high as 132 Vac. Too low 
a voltage will not generate enough force to the solenoid plunger. The 
piunger then stalls against the forces subjected to the spool or pop- 
pet from flowing fluid or static pressure. The result is a valve that 
won't shift or that chatters. High voltage causes a coil to overheat 
due to increased resistance. If this occurs. coil life can be drastically 
shortened or total failure can occur. 

When conducting this test, it is important to have an accurate 
voltmeter and an adjustable power source. Operate the valve at its 
worst case condition and adjust the voltage to the lowest rating. Op- 
erate the valve two or three cycles to make certain the valve shifts 
and that it does not hum or chatter. Do not leave the valve energized 
for any length of time if the valve does not shift properly at low voli- 
age. This could cause the coil to burn out. 

In most cases, if the valve shifts at minimum voltage, it will shift 
at maximum voltage. This is due to an increase in coil force. Maxi- 
mum coil ratings are based on insulation rating and maximum re- 
sistance values of the coil. 


3.5.7 Pilot Pressure Requirement 


Many valves are designed to accept a hydraulic pilot signal to ac- 
complish valve operation, an example being a pilot-operated check 
valve. The check portion of the valve is rated to hold maximum sys- 
tem pressure. In order to release the trapped pressure. a pilot signal 
is used to push the poppet off the seat. If the valve were subjected 
to maximum available pressure, then the pilot piston would have to 
have a larger area than the seat area in order to overcome the force 
present. This is the case with pilot-operated check valves. The pilot 
piston is anywhere from 1.5 to 10 times the surface area of the seat. 
In two-stage designs the pilot piston initially unseats a smaller 
check to vent trapped pressure (decompression). 1..is design can 
then be rated upto and over 40 : 1 ratio between operating and pilot 
pressure. 

This test requires two pressure sources, one at the main check 
cylinder port and one at the pilot port. With zero pressure at the 
pilot port, apply a maximum pressure to the pilot-operated check 
cylinder port. Then slowly increase pilot pressure until the check 
valve opens. Note pilot pressure and determine from valve rating 
whether the valve is operating at the specified ratio or minimum 
pilot pressure (Fig. 3.36). 
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under varying inlet pressure. In some cases flow increases with in- 
creasing pressure, while in other cases, flow decreases. This is de- 
pendent on valve design and operating principles. 

This test is accomplished with a relief valve and pressure gage up- 
stream of the flow control valve. As the curve depicts, the regulation 
does not occur until minimum operating pressure is attained. With 
pressure adjusted at several points above minimum pressure, re- 
cord flow and inlet pressure. Make sure that sufficient time is al- 
lowed for stabilization of the flowmeter after each adjustment. 

Return pressure loading is accomplished by installing a relief 
valve between the valve outlet and flowmeter. Be certain that the 
relief valve has no external drain. Also. the use of a vent valve to 
control the main relief will result in a flow loss, causing error in 
the test. Adjust return pressure through the minimum to maximum 
pressure ratings of the valve at various inlet pressures to measure 
the effect of this load. Be sure that the minimum differential across 
the test valve is sufficient to overcome the minimum operating pres- 
sure of the valve. 

Flow response tests are conducted to evaluate performance under 
rapidly changing system conditions. Again. remember the infamous 
forklift example. A forklift mast cylinder is fully extended, with a 
load on the pallet. Our flow control regulates the speed at which the 
mast descends. The directional valve is opened. The pallet drops. 
bounces. and then stabilizes to steady descent. What caused the 
bounce? Flow control response. Most flow controls are normally 
open devices. This means that the valve is fully open to allow unrest- 
ricted flow to flow rates less than set point. Once flow set point is 
reached. the valve throttles to maintain desired flow by increasing 
pressure drop with increased flow. 

The valve is tested to determine how long it takes to regulate flow 
from an instantaneous flow condition. Again. because flowmeters 
are too slow, pressure is used versus time measured in milliseconds. 
An on-off valve is opened. and this event is recorded on the X-Y 
graph. A restriction in the valve outlet creates a certain pressure 
drop at a certain flow. Once this preset pressure is stable, so is the 
flow. This is the end time of the response curve. Be certain that ad- 
ditive response of test circuit valves. instruments. or variable 
pumps are not included as part of the test results. Careful system 
analysis is required for this test. 

Flow regulation versus temperature defines valve performance 
throughout the rated operating temperature range. Temperature af- 
fects viscosity: viscosity affects pressure drop. Since the valve oper- 
ates on a pressure drop principle. this is important. Many flow con- 
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Flow (A > B) Vs. value of scale divisions 320 
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Fig. 3.38. Flow output versus handle position. (Courtesy Rexroth Corpora- 
tion.) 


trol manufacturers use sharp-edged orifices within the valve. This 
type of orifice helps negate the viscosity effect from both tempera- 
ture and pressure variations. These valves are generally referred to 
as temperature- and pressure-compensated designs. All tests pre- 
viously described are redone at various operating temperatures. 

Secondary flow capability tests are done on priority flow controls 
and flow divider valves. Both sides are subjected to the same tests 
as previously described to determine the affect one side has on the 
characteristics of the other. Some valve designs can provide regu- 
lated flow at any pressure to both outlets, while other designs can- 
not operate properly with higher pressure on the secondary port. 

Flow output versus handle position tests are used to define the 
(hopefully) linear relation between adjusting handle or screw posi- 
tion to actual output. This is useful information when a flow control 
is installed in a system without a flowmeter. Figure 3 38 depicts this 
relationship on several sized valves which have a coarse and fine 
division vernier indicator. Actual flow is measured at a particular 
viscosity and temperature. 


3.5.10 Pressure Regulation 


There are many types of pressure regulation devices: for example. 
relief, sequence, pressure reducing. counterbalance. Each has a 
specific application, but all have a common purpose—to regulate 
Pressure. 
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typical reduced pressure versus flow graph. Note that pressure set- 
ting decreases with flow in this case. 

Pressure setting versus handle position tests are used to define 
the pressure output of a device when a gage is not present. The valve 
can be supplied with a screw, handknob, or calibrated handle for 
adjusting pressure. The regulated pressure versus position of the 
adjusting device is recorded at normal system operating conditions. 
For example. a relief valve with a screw adjustment may be rated at 
120 psi change in pressure per one full revolution of the set screw. 


3.6 Proportional Valve and Servovalve Tests 


The tests described in this section are probably the most critical 
owing to the complexity of the components involved. It is important 
to understand how these components function and how the test in- 
strumentation functions prior to conducting these tests. 

While proportional valves and servovalves differ in design and op- 
eration. the tests required for both are quite similar. In order to 
avoid redundancy, the tests most common to servovalves will be pre- 
sented. 

Servovaive testing (Fig. 3.42) requires special equipment not used 
in any other form of fluid power components. While many qualified 
servovalve repair companies exist, there are also many companies 





Fig. 3.42. Typical servovalve test setup. (Courtesy Moog, Inc.) 
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that perform incomplete repairs due to lack of familiarity. Moog, Inc. 
suggests that both static tests and dynamic tests are important if a 
repaired servovalve is to provide the same performance characteris- 
tics as when new. The recommended static tests include null test to 
determine null bias current, valve polarity, a plot of pressure gain 
(average slope of load pressure versus input current), quiescent 
flow, no-load flow characteristics, loaded flow characteristics, hys- 
teresis, threshold (resolution), proof pressure, and null/shift charac- 
teristics. 

These tests are normally performed on a point to point basis. The 
use of continuous data plotting equipment for recording static per- 
formance information has generally replaced point to point proce- 
dures. This is the method used at Moog. Recommended dynamic 
tests include frequency response. change in frequency response 
with supply pressure, and valve transient response. 

The following is a reprint (courtesy of Moog. Inc.) of the Recom- 
mended Test Procedure section of Moog Technical Bulletin 117. 


Schematics are given in conjunction with the test descriptions 
which follow in order to illustrate the equipment requirements. 
Some equipment especially suited to the purpose is available from 
various manufacturers and a partial listing of this equipment has 
been iricluded. 

When selecting individual test instruments. Eages. etc. to be 
used in special test set-ups for measuring servovalve performance. 
the accuracies of the equipment chosen must be compatible with 
the preeisi s and elec- 
trical test equipment requires frequent calibration to maintain 
suitable accuracy. In addition. most hydraulic flowmeters require 
reading corrections to account for fluid viscosity variations. These 
variations can be expected with fluid use or changing fluid tem- 
perature. or between different fluid types. 

In designing special equipment set-ups, care should be exer- 
cised to minimize unnecessary line lengths and hydraulic fittings 
so as to reduce line pressure drops. Likewise. tubing sizes should 
be selected for compatibility with peak flows to be encountered. 
Location of static pressure gages at the valve manifold will avoid 
inaccurate indications of actual valve pressures. 

The input to electrohydraulic servovalves is defined as the cur- 
rent in the servovalve coils. In order to provide for unambiguous 
testing of servovalves, the electrical equipment used should be ca- 
pable of providing undistorted current waveforms. irrespective of 
the valve coil inductance and back emfs due to valve action. 





[touz ‘Boo fisazinog) dnjas 159) 32uejonput 1109 “EP's "Sta 


WVEDVIO 501234 JITLA 


” DH 


2 


sun CERE n 


7 äng Lut 1438 Yd v 





Dui vw3H24 LIADO 1531 





ET 
«et cos 
gpv?2*e 11 Ye 


431371704 2 





nr 3411300) WOM 
32«v113a 20 VOD U 


—AARNP rn 


ded wornba gc 





Geint 302 Qv b 
0v331 402 1 
ovi t jo v V 


1€02 DATTA 





QasPIVAINDE ef 
3107 Con 
Oyv»2ve AE = 

umet 


BOLE TNDSO 






aayea uaredde ay) 850198 ‘la ‘doip o8ej[oA au] “EH € "Bip ur YIIINS 
AQ pajeorpui SI SASPIOA ay} JO diusuonejs [e1101234 ƏL 

"jua 

-1n3 paea aapea Jamenb-2u0 jo apnyydure uano »pead-oj-4ead 

e 3418 01 paisnípe apniidure ay) pue zH OG 3? Jas st Á2uanba.] 10) 

-B][]9SO au] 'an[eA palea JTeu-auo 1se3| ye jo Aoun Indu! palo] 

-sipun Ajddns oi 1ndino Jamod juai01jjns aaey pynoys 10]ej[2s0 

aU `101SIS3J UOISIDIIO E YJIM SILIIS ui pa3192uuoo *]109 DARA [£30] 
dy] aALIP 01 P2193UU09 SI 10jej[r2s0 Aouanbauj orpne 3jqejyms y 

"EFE 814 Ul UMOYS s! 

dn-jas 1891 papuauiuio22J ay, 'payioads suonipuoo Japun sunesa 
-do aayea ay) tir painseaw aq PINOYS 39UEJINPUI [102 7010) JUL 

'sarpnis onireuáp UJIJSÁS ur uoneluəsə:də: 

uonounj 19/SUE.N oj ə[qe1Ins st anpea 32u?jonpul Sit], SUOLLA 

A»uanbauj TeUsIS 01 s9uejonpu: juaredde ay] səustlqe1sə sue) 
-onpui [102 34ATeA Surmseoul JO} o1np3o0Jd papusululo23J 201 


329NVLIOnGNI 1102 


'32U€]S1521 [109 JO 3u2uja1nseaui SULINP [IO 
pezunssaJd unta parddns aq jou p33u Aea IL “(Ny adÁL ` Sul 


SIS SISAL SATVAOAHSS/S3ATVA 9 E 


'sjuaumrsuj [errsnpu[) aoouejsisa1 [109 SuLmseaw 10] əlqe)də5 
-JL ei Juauimn sui 359) [21329]? IA] 33 pug auo1sjye3uA [euonuaa 
-uoo Y ‘Ajayeredas painseaul a0 pinous [109 [e301 24] JO apis uoea JO 
39U?)SIs21 IQ} 'uorjoauuoo [102 Pea] INOJ 10 3914) E Sazi[Hnn AA 
əu Jy »mjeredurs) juatqure AE 4,04 10] %17 JO Aoeinooe ue 
u^ painseaus aq pinous ‘sflod 10 [102 3y} JO 32U€]SIS21 DP IYL 


329NVISIS3?U OG 1109 


SIS9L [E9H3O9[W "or 


reurwou suoJoiul QI uonedyg pini 

Alddns %¢+ 010 ainssaid uunjay 

gx ainssaid Dag ainssaid Ajddns 
pausisap usaq seu 

3AJLA BY) yya JO] Jeu pmi 3mneJjpAH 

aanejal 9506—01 Ánpuuny 

əuou UOl]EJQqIA 

punoJs ewou spninmv 

All = 4,001 s1n)ejaduia) prn 

41.0% = 3.02 ainjesadusa) IV 


:suonipuoo PJEPULIS SUIMO]JO] 341 JapuN paisaz 
əq pmous SIATBAOAJIS |O1JU02 MOY ‘asimsayjo pəllt9əds ssajuf) 
‘aqqeidaaoe se anbiuyaal 1944 221030221 
MOJO] Jey) SIAMPIIOIA 189] papuauruio221 ay] `8U11S31 JATEA 2€]S 
Jo} padojdwa aq Aew juauidinba sa} 1ui0d-Aq-3urod 10 snonun 
-U09 JIU “SAAFEAOAIIS |O3UO2 MOJ} 10] S2Ist19)oe1euo 32ueULIOJ 
-Jad àne3s urej3qo o} uawdinba sumod eyep snonumnuoo new 
-ojneruiess SUINN MOU are siəsn pue sjajnjioejnueui [e13A9S 
'uoneiado [105 perjua13] 
-JHP Wasaidas ÁNNI Ui 12aUUEUI spy) UL parnseau! 32ueulloj 
-I9d 3A[€A 'S1uaiimo peryua13jjrp Surpuodsa1100 jfeu-auo aq [Jim os 
"uorjosuuoo [102 Salsas JYI o) puodsa1100 [IM NUJNI pains: JA 
"uone1ado [102 [In] 3Aa1q3? o] 10122uu02 JALA 
UId aam e Jo Y pue g suid 01 pa122uuoo aq Aew 1ajrjdure papua 
-Suis Y 'uonoeuuoo (311M 041) papue-a[8UIS e ujta sanos ul 
S[I02 34) ƏAHD 0) si 39119€.1d [e1auo$ 313 os 'yuəiuəauooui Á[[ensn s! 
s1ogdure SULALIP JSOW y} 3ua1mo pfenua13jJIp ana) jo 3uaurauns 
"Eau 31&Jn322y *sjndur [891.1793]3 Ter3u213jJIp YM asn 10] pəpuəlu! 
Á[re1gusS are suornoauuoo [102 pea] 33141 YIM parddns SAAMA 
"Dans [jam ÁApfetoadso si "1211dure ap xoeq 
-P33] JUaLIND e se yons 'JaALIp aduepadun 1ndino ySty e 's2uap 


SIYYNAIAIDONYdA ISIL FIC 





216 TEST PROCEDURES 


inductance is determined by indirect measurement. From this. 
the total valve coil inductance can be determined. 
The procedure is 


Step 1 Measure the-ac-voltages e, and e;. 
Step 2 Measure the angle, a. between e, and ej. 


Step 3 Determine L from the foliowing: 


L= (=) = ) sina henrys 


If a suitable phase angle meter is not available, actual construc- 
tion of the voltage vector diagram from measurement of e,. ez, and 
ey can establish the magnitude of e, with sufficient accuracy for 
determination of valve coil inductance. 


INSULATION RESISTANCE 


The insulation resistance of the valve coil and connections can 
be measured by the following steps. Valves need not be pressur- 
ized for the insulation test; however, wet coil and stale coil valves 
should be filled with hydraulic fluid during the test. 


Step-1 Apply-a dc voltage of five times the maximum anticipated 
coil voltage. or 200 volts (whichever is greater) between the com- 
bined coil connections (connected together) and the valve body 
(using Industrial Instruments, Inc., Type P6 Voltage Tester. or 


equivalent). 
Step 2 Maintain the test voltage for 60 seconds. 


Step 3 With the test voltage still applied, measure the current 
flow. 


Step 4 The applied voltage level divided by the measured current 
value gives the insulation resistance. (Equivalent electrical instru- 
ments may-give the insulation resistance directly.) No evidence 
of insulation breakdown should be apparent and the insulation 
resistance should exceed 100 megohms. 


3.6.2. Static Performance Tests— 
Point-by-Point Data 
The valve should be securely mounted to a suitable static test 


stand. Figure 3.44 gives the hydraulic schematic for a static test 
stand utilizing return line flowmeters. 
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PRESSURE CAGES — U. K. Ganga Ca. 
1800 ries 
* Éenbeciont RETURN 
FLOWMETERS — Fischer & Pane Lg 
Med, 17357 Chana 8 
e Resiveloa 


TEMPERATURE BENCATOR — U. É. Coupe Co. 


bind. 905 
= lira. 


Fig. 3.44. Static test stand hydraulic schematic. (Courtesy Moog, Inc.) 





NULL 
The procedure to determine valve null follows. 


Step 1 Open the return line shut-off valve. f 
Step 2 Close the load valve to block the servovalve control ports. 


Step 3 Apply rated pressure to the valve under test by opening 
the supply line valve and adjusting the pressure regulating valve. 
The supply pressure to the valve should be adjusted until 


P, — Pr = rated pressure 


where 


P, = pressure at port P. psi 
Pr 


pressure at port R, psi 
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Fig. 3.46. Valve leakage flow versus input current. (Courtesy Moog. Inc.) 


Step 3 Continuation of step 2 until full negative input current is 
obtained will provide data for a complete internal leakage plot. A 
minimum of eleven data points is recommended. These data are 
also necessary to obtain the no-load flow plot of the following sec- 
tion. 


NO-LOAD FLOW CHARACTERISTICS 


Data for a no-load flow plot (see Fig. 3.47) may be obtained by 
the following procedure. 


Step 1 Open the return line shut-off valve. 
Step 2 Open the load valve. 


Step 3 Apply rated pressure to the valve, as in step 3 of Null Test. 
Under conditions of maximum control flow, special care should 
be exercised to maintain full valve rated pressure drop. 
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Fig. 3.47. No lo 


Step 4 Apply full positive rated current. 


Step 5 Decrease the input current in the same increments uti- 
lized in steps 2 and 3 of Internal Leakage Test. At each value of 
input current, record the flowmeter readin’. 





Step 6 Calculate the equivalent conirol flow by subtracting the 
internal leakage flow values from the corresponding flow readings 
obtained in step 5. It should be noted that this method of deter- 
mining control flow (i.e., subtracting internal leakage from total 
return line flow) is subject to error. since many valves are influ- 
enced by flow reaction forces. Since there is no control flow from 
the valve during the internal leakage test. the correspondence of 
like data points is upset. These errors will be particularly evident 
through the null region where the control flow is determined by 
differences of nearly equal flow readings. 
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Fig. 3.48. Loaded flow characteristics. (Courtesy Moog. Inc.) 


Step 4 Apply full positive rated current, +ig, then apply — iz. No 
external leakage should be present. 


Step 5 Open the return line valve. 


Step 6 Increase the valve supply pressure to 1!⁄2 P, by adjusting 
the pressure regulating vaive. 


Step 7 Repeat step 4. 


NULL SHIFT WITH SUPPLY PRESSURE 


Data for a plot of valve null shift with supply pressure variations 
may be obtained by the following procedure: 


Step 1 Null the valve as in Null Test. 


Step 2 Decrease the supply pressure in suitable increments by 
adjusting the pressure regulating valve. At each value of supply 
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Fig. 3.49. Null shift with supply pressure. (Courtesy Moog. Inc. 


pressure, repeat steps 7, 8, and 9 of the valve null procedure to 
obtain the corresponding null bias currents. 


Step 3 Data of step 2 may be plotted as in Fig. 3.49. 


NULL SHIFT WITH RETURN PRESSURE 


Valve null shift with changing return line pressure may be pre- 
sented as in Fig. 3.50. Data for such a plot may be obtained by 
the following procedure: 


Step 1 Null the valve as in Null Test. 





Fig. 3.50. Null shift with return pressure. (Courtesy Moog, Inc. 
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228 TEST PROCEDURES 


Step 1 Open the return line valve. 


Step 2 Set both the hot and cold oil supply pressures to the rated 
supply pressure. 

Step 3 Adjust the-mixing-valve-to give 100°F-oil supply tempera- 
ture to the valve under test. Record the input current. 


Step 4 Readjust the mixing valve to establish suitable incre- 
ments of increasing oil supply temperature. At each successive 
temperature allow the valve to stabilize for one minute preceding 
the input current reading. It may be desirable to introduce some 
dither signal into the system to avoid piston stiction. 


Step 5 Continue to obtain null bias current readings for temper- 
ature increments to the rated maximum temperature; then de- 
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Fig. 3.53. Null shift with temperature. (Courtesy Moog. Inc.) 
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crease oil temperature in like increments to the minimum oil tem- 
perature. Similarly, increase the temperature and obtain null bias 
readings to 100°F. 


Step-6 The data may-be presented-as-in Fig. 3.53. 


NULL SHIFT WITH ACCELERATION 


The recommended equipment for this test utilizes electrical 
pressure transducers at the control ports as indicated in F ig. 
3.54. The transducer outputs may be connected to give a differen- 
tial load pressure indication foliowing appropriate transducer cal- 
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Fig. 3.54. Equipment schematic for acceleration null shift. (Courtesy Moog. 
Inc.) 
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tig 


-ig Raja Ghuzantar Ali Ro.d, 


current cycle sweep Tel : 5675607 - 5677244 


Fax: : 92.21-5682741, 5570141. 
Email : sanni @ inicli^k net pk. 


0 Fig. 3.56. Current sweep input. 
piston position (Courtesy Moog. Inc.) 


current sweep can be adjusted for a suitable cycle about the valve 
null. 

Some plotters can produce valve loaded flow characteristics. Dif- 
ferent techniques for obtaining loads are utilized. The technique 
illustrated in Fig. 3.55 uses a manually adjusted load line valve to 
vary the load pressure drop. Some plotter pistons can be loaded 
with dead weights to furnish flow versus input current plots at 
constant values of load pressure drop. 

It is usually possible to obtain plots of valve internal leakage flow 
versus input currently by blocking the control lines and diverting 








ing at +i, can be utilized to produce the internal leakage plot. 

At the present time. two manufacturers are known to have com- 
plete data plotting equipment commercially available for testing 
flow controls servovalves. These manufacturers are 


1. Industrial Measurements Corporation (Model 11 Flow Plot- 
ter).  omona. California. - 

2. Moog Inc. (Model TE 1004 Flow Plotter), East Aurora. New 
York. 


Detailed operation and calibration procedures are available from 
these manufacturers to explain the correct use of their equip- 
ment. Frequent calibration of plotting equipment is especially im- 
portant for accurate data presentation. Electrical circuits within 
the plotters should be arranged to produce positive plotter dis- 
placements with the recommended standard positive current. 
flow and pressure specifications. 


SUNNY ENTERPRISES PAK; 


411, Panorama Can a, Bliy 


P, O. Box 15527, Karachi - 
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Prior to each test the zero axes should be established by actually 
plotting zero Y input versus X sweep and zero X input versus Y 
sweep. This can be accomplished by manually rotating the corres- 
ponding axis centering control. 


BLOCKED LOAD CHARACTERISTICS 


Pressure gain. polarity and null characteristics can be ascer- 
tained from the following procedure: 


Step 1 Connect the valve, both hydraulically and electrically, to 
the plotting equipment. 


Step 2 Close the control line valves. 
Step 3 Open the return line valves. 


Step 4 Set the valve supply pressure to the rated value by open- 
ing the supply valve and adjusting the pressure regulating valve. 
The adjustment should compensate for any return line back pres- 
sure. 


Step 5 With the plotting pen raised, automatically cycle the input 
current sweep several times between plus and minus rated cur- 
rent values. stopping at zero input current. 


Step 6 Establish a plotter configuration to permit recording load 
pressure drop along the Y axis and input current along the X axis. 
Use scale factors to give AP. = =P, and imax = ZÜ. Hie, 





Step 7 Set the automatic current sweep to approximatel +0.2i, 
maximum (or, as appropriate for the valve under test). 


Step 8 With the plotting pen still raised, automatically cycle the 
input current between values set in step 7. During cycling, ascer- 
tain that pen motion is unrestricted and that a sufficiently slow 
Sweep is in use to ensure a smooth plot, free of recorder dynamic 
effects. 


Step 9 Lower the plotter pen and record the pressure gain char- 
acteristic for one complete current sweep, as in Fig. 3.45. 


Step 10 The slope of the plot in the region between +40%P, is 
the valve pressure gain. 


Step 11 Correct valve polarity is indicated by positive differential 
pressures (AP = P, — Pj) corresponding to positive input current. 


Step 12 The valve null bias is assumed to be midway between the 
abcissa intercepts of the pressure gain plot. 
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Step 3 Set the input current to a constant value of + iy. 
Step 4 Open one control line shut-off valve. 


Step 5 With the plotter pen raised, slowly open the other control 
line-valve—By trial and observation, establish a rate for opening 
the control line valve such that maximum flow can be obtained 
prior to bottoming of the plotter piston. Between trials. apply neg- 
ative input currents to move the piston back to the starting point; 
then close the control line valve. 


Step 6 Lower the plotter pen and repeat step 5 to obtain one plot 
of the family shown in Fig. 3.48. 


Step 7 Repeat this procedure to obtain plots at other appropriate 
values of input current. 


3.6.4 Dynamic Tests 


The valve dynamic response while operating into no-load with 
sinusoidal current inputs can be determined by equipment equiv- 
alent to that illustrated in Fig. 3.57. In this equipment, valve con- 
trol flow is supplied to a low mass, low friction actuator. Motion 
of the actuator is detected by electrical transducers. The design of 
the actuator should be such that negligible dynamic differential 
pressure variations exist in the frequency range of interest (usu- 
ally to several hundred cycles per second). In this way the valve 
dynamic characteristics in the presence of a true no-load can be 


— ——————————ascertained. 


A low gain. quasistatic position feedback signal is utilized for 
nominal centering of the response actuator. A linear motion veloc- 
ity generator is recommended for deriving dynamic flow signals. 
The servoamplifier must be designed to supply sinusoidal input 
currents to the servovalve throughout the test frequency range. 
Input o rent signals may be obtained across a resistor in series 
with the valve coils. ` 

The amplitude and phase relationship of flow to current may be 
determined directly from an oscilloscope Lissajous pattern. or by 
use of suitable transfer function measuring instrument. 

Considerable caution must be exercised when setting up a 
servovalve dynamic test installation to achieve adequate pressure 
regulation. In any new installation the dynamic pressure varia- 
tions in both the supply and return lines should be observed dur- 
ing a typical test. Excessive pressure variations should be elimi- 
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Fig. 3.57. Frequency response equipment schematic. (Courtesy Moog, inc.) 


nated by careful choice of regulator, accumulators. and plumbing 
configuration. 

A significant source of ambiguity and data inaccuracy can arise 
if the flow waveform is nonsinusoidal. Distortions of the flow 
waveform are often introduced by valve nonlinearities caused by 
either too small or too large input current amplitudes. With com- 
mercial dynamic measuring equipment. the results obtained with 
distorted waveforms depend upon the specific design of the equip- 
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ence may be determined from the oscilloscope Lissajous pattern. 
The following may be used 


A 
0 = sin") (22) 
PP 
where 
9 = phase angle (degrees) 
Ay = vertical separation of the Lissajous pattern at zero cur- 
rent 
Yop = peak-to-peak height of the Lissajous pattern 


3.7 Filter Tests 


Filter testing is probably the most standardized and researched 
area in the field of fluid power testing. As components developed 
into finely tuned precision contro] devices, they became more sus- 
ceptible to contamination. This created a problem in the filter in- 
dustry. as no standard procedures were available. One manufactur- 
ers 10 micron filter was not even close to the performance of 
another brand with the same rating. Early component failure. wear. 
noise. all belonged to a group of symptoms directly caused by poor 
filtration. The industry decided that enough was enough. 

This section has been developed from information provided by 
Purolator Technologies. inc. and Mr. Alvin Lieberman of Hiac/Rovco. 


the National Fluid Power Association relating to this section. 


3.7.] Bubble Point Test 


The bubble point test is the differential gas pressure at which the 
first steady stream of gas bubbles is emitted from a wetted filter ele- 
ment under specified test conditions. 

Bubble point tests are conducted by immersing the filter element 
in a liquid that thoroughly "wets" and saturates the filter medium. 
A measured air pressure is applied to the outlet of the element in 
such a manner that it is applied to the porous wall of the element 
from the inside to the outside. While the element is held horizontally 
approximately 1/2 in. beneath the surface of bubble test liquid and 
is rotated. the air pressure is slowly increased until a steady stream 
of air bubbles appears on the outside of the filter medium and 
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breaks away toward the liquid surface. The air pressure required to 
blow the first stream through a pore is inversely proportional to the 
size of the largest pore in that element. 

The bubble point test data are related to the maximum pore open- 
ing of the filter element by the capillary tube equation (Poiseuille's 
law): 

_ K4y cos 0 
7 d 


P 
P = Bubble point pressure 


surface tension of the wetting fluid (e. interfacial surface 
tension between filter medium and test liquid) 


«a 
II 


9 = angle of contact of the wetting fluid to the filter medium 
d = maximum pore diameter 
K = shape correction factor 


The shape correction factor K is necessary because. in actuality. 
virtually no pores are shaped like capillary tubes but are of random 
shapes providing a tortuous path through the filtration medium. 
The factor remains constant for a given medium. 

Since it has the advantage of being nondestructive. the bubble 
point test is an excellent means that can be used by both manufac- 
turer and user to determine the integrity of the element and whether 
i in processing or handling. . 

In the production testing of filter elements. the bubble point test 
is used to determine the element's absolute rating. Maximum parti- 
cle passed tests are used in laboratory development to measure the 
absolute rating, and these transmission tests are tedious and ex- 
pensive: they also "destroy" the elements, since the glass beads used 
in the tests contaminate them. 

Bubble-point tests may be correlated to glass bead transmission 
test data for a specific filter medium: thus. they may be used in pro- 
duction on a 100% basis to measure the element's absolute rating. 

ANSI B93.22 (ISO 2942) (NFPA/T3.10.8.4M-1972), Method for De- 
termining the Fabrication Integrity of a Hvdraulic Fluid Power Filter 
Element. outlines a procedure using the bubble point test to deter- 
mine the acceptability of an element for further testing and use. The 
element is mounted with its centerline horizontal to the fluid sur- 
face and below the surface 1/2 in. The element is submerged for 5 
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imum particle passed test. except that the weight of test contami- 
nant that passes through the test unit, and is subsequently re- 
tained by the analytical membrane filter, is determined by Agitator 


gravimetric analysis. Motor 
Contaminant 
Then the degree of filtration, or Inlet Valve 





Air Regulator 
1/2 um Filter 
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nominal rating = AC 100% 





Contaminant 





A = weight of test contaminant added Mixing Chamber Tel — : 5675607 - 56-724. 

Fax: : 92.21.5682741, 5t 

M - weight of test contaminant retained by membrane filter Quick Opening Ten 
Valve 


3.7.6 Maximum Particle Passed Test 


Maximum particle passed test measures the largest hard spheri- 
cal particle that will pass through a filter under specified test condi- 
tions. This is an indication of the size of the largest pore in the filter 
element and thus of its absolute rating. The test is destructive in 
that it contaminates the element. 

The fluid in the system is circulated through the “clean up” filter 
until a sample of the fluid yields a cleanliness level of 0.0004-g/100 
ml, by gravimetric analysis. (See Fig. 3.60.) 

A measured quantity of artificial contaminant of graded and 
known particle size range— typically spherical glass beads in the 
range 2-80 um diameter—is injected into ina ixi 
chamber. After thorough agitation in the test fluid. a measured vol- 
ume of the resulting mixture is passed through the test unit and 
caught in a clean beaker. That effluent is then passed through a 
very fine membrane filter. typically of 0.45 um pore size. The mem- 
brane filter is then examined under a high-powered microscope fit- 
ted with a graduated scale (ocular reticle). By visual observation, the 
diameter of the largest glass bead on the membrane is determined. 

The diameter of that largest bead, expressed in microns. is 
deemed to be the absolute rating of the element. 

If the bubble point of the element is measured prior to the maxi- 
mum particle passed test. the value of the shape correction factor 
(K) can be determined for any other filter element using the same 
filter medium by bubble point testing the element and using the 
value of K calculated from the maximum particle passed test in the 
capillary tube equation. It is wise, however, to correlate maximum 
particle passed test results to the bubble point test results for each 
type of filter element. 


2 








1/2 um 
Clean-up 
Filter 






This ine to be 
connected only during 
A system clean-up 
Intine nto 
Test Housing 


Fluid 
Reservoir 


Fig. 3.60. Maximum particle passed test. (Courtesy Purolator Technologies. 
Inc.) 





3.7.7 Cold Start Test 


This determines the integrity of the filter element under condi- 


tions that simulate the high differential pressures generated at the 


start up of a hydraulic system. especially under cold environmental 
conditions. 
The element is bubble tested. then subjected to a high differen: 3l 
pressure generated by the pumping of oil cooled typically-to — 65°F. 
After the application of this high differential. the element is again 
bubble tested to ensure that the integrity of the media and construc- 
tion has not been reduced by the loading of the differential pressure. 


3.7.8 Media Migration Test 


The media migration test is a nondestructive test used to deter- 
mine the amount and nature of material that a filter releases from 
its own medium, under controlled test conditions of flow and. for 
certain specialized applications, vibration. Typically. such material 


(gor ‘Sly 299) 18523 aANONsap L sr pue qua 
-3JƏ 193[ € JO Or]&J-g 21 SULULIIJDP 01 pasn st 359) ssednnur sup 


352] ssednInw PTE 


"Vd AN 201 1101] paurejqo aq ued prepuejs j3exo əy} Jo sardo 
‘ginpaso0id Y se POUJIIA 189.1 
jutog ə[qqng 8961-106 JYV/AVS Suisn spuauiuio221 21npa501d puo 
-93s 94 | ‘Bare Yoea ui 1331əurerp Suruado 1598.18] IY} p10221 pue sea1e 
wopues Qr Jo sSuruado au) aunseaui o} (jusurdmbo 12110 10) adoos 
-OJDTUI € YJIM UODJEUTUIEXO TENSY e Spuauluio221 SII] IYL “3ZIS ə1od 
Sururuli313p 10] SIMPIIOIA OM] SIQIIDSIP 'jusulo[g IAJ 1IMOG 
pinjJ DIMEIpAH adÁ] 298]1MS ojqeuso[? e JO 3ZIS 31og ay} gut 


-1913Q JO pou13W '(9261-WC T 8'OU ELVdAN) 8L61-W9F' age 


FACER Ad oa 


1S3] 2ZIS 3104 JUSMIZTY CTIE ape VHS 


sdzs 


"JYS ay) wos paurejqo aq ued a1npoooud j5exo əy) Es ay ae 
'pojuas 
-aid 318 paowa: ajdwes piny pue 'poujaul Suireəs 'Á1j2ul098 uon 
-BIQIA Əy) 10] suonduosap DIJIDIAS -pazAfeue pue pa4oulai et pmp 
aul ‘payooys pue ‘pareiqia ‘paieyise Ájreorueyoaw pue pareas S! 
1uauoduloo 34 “PINy isa) ueap (tan [Im] Jfeu-»uo 03 purq-auo 1yuəu 
-oduuo2 1531 e gu JO pou1aul e sassnosip 'suiogjsÁg pue sjusuod 
-WOD J3MOGJ PIN] J 21[h&JpAH JO ssaurue3j2 Ssuissassy "ZZo 10 AVS 
‘UOT]IPUOD 2nDe3s E ui apu ‘piny 1591 Wea e 0) jusuoduloo E woj 
Sajeururejuo2 J9/SUBI] 0} poujeu) a]duris e se pasn sI 389] SIUL 


SOL USOIS ¿I' `° 


"Vd AN 341 uro; paurejqo aq Áeui ainpaooid joexa əy} jo saldo? 
1831 JSINqyasdeyjoo 
poapueuiuiooaJ ay) alafdwod A[pnjssa2ons uau) snw 1uətuə[ə IUL 
'enprej PT: UW 19311 JO ‘Teas 'Te1njon.ns Joy pa323dsui si 
juauio[» AU] “STY] 191JV "utu! G 10] JIMNY Surpeoj e ur 10 SIUSIOM YIM 
peo] paea eun 03 32sfans si Juəuuələ ay) ‘ainyeraduia} u1004 01 pajoos 
seu 1uƏUJə]ə 211 19IJY “(AROS 10Y—1Y ZZ) $1923] 3eos JOY pue Gusa) 
-ui uoneonqej 241 o1 pa1osíqns Agut sr jusula]a əy} 'Apeotseg 
'uonejpeisut AQ pasodun Surpeo| rexe aui puejsuiA o) Ange? 
S juauls|» ue Sunsa; 107 souenbas pue asodind au saurpino '3uau 
-314 193114 120g PIM] I[NeIPAH E 10] POYIAA Ia peo] puq (ZZ61 
-We'8'OU'EL/Vd4N) (€£64€ OSI) (0861Y) 2Z61-WIC'£68 ISNV 


1531 PEOTI pug II 


¿vz SIS4AL YALTIA Z'€ 





S170" 
Hd ma pal 


'Papuajui st 3uauio 201 uorua 10] Ə3tA:z3s ay) uo Surpuadap '1uaui 
-2]9 pase A[Terorjrire aq uo s3597 Surpasaid au) jo saquinu e Suruuni 
Aq P2UTULISISP st USU; oy "e1nje1adums] payeaaya ue je A0 Z¿ 
uey} seat 10U 10} 'pmg 39141985 ai ut JUSLIA[S 1ə1[U ay] Suryeos Áq 11 
Suse Áj[erornire Aq pasn aq o1 si H YUM ur JUIWUOJIMU I4} puejs 
-UUM 0] 1usuls[? 19318 3uj Jo USNU, IYJ saururigjap 189) emt 


1521 Amrqneduro) HILEN ot LE 


"MAAN 201 1101] paurejqo aq ues a1npaooud j3exo ay] jo sardoo 
3314} [fe JO "eat D'Sau UOT}ed11qQe] JO 153) JJULISISA 

Nux s *uonoədsui fensta 0) pajoafqns uəu) si juaw 201 
'Teuondo 
PA JO 3unour? ayy ‘moy Sunsnípe Aq (do1p a1nssa1d umurxeui 
130 %001-—06) sasind ainssa.id 0) pajaafqns si 3uauia[a 241 '1XƏN 


^ faa si 1uəunələ au JO sunei doip ainssaid umuixeul ay) [nun 
wong” moy UIW IY) JO YOOT—SZ 1? WAISÁS ay? o) Dappe si zueu 


*3u02 'Suisnou Y ur DUEIS 359] ADÁN MOY e ui pajunoui ei juaw 
-219 34) 1921 AJ1189]U1 uoneouqgj e Sunojduioo A[njssaoons 13y 

‘Sunes )ysinq/əsdeljo5 

s} SuNsaye INOYIIM Yous ainssaid 31242 Aq pasned Surxay PUBIS 

011 O) 19) € JO HEL ay} 183] o) pasn st UIW IJJ 120g 

PIN]Y IINEIPAR E jo sonstajoeJeu?) anBneJj mog ay) Sul4jJ3A 
JOJ POYISMA '(C261-WZ8 OU £.L/'VdJN) (08618) CZ61-W?Z'£68 ISNV 
')93) ƏA1)9TL11SƏD E ei 189) 3NSIJP] MOY 3Y] 

`suon 

-eoyjdde mopy-Sunesind 10] SIPA 000'0SZ'1-000'001 01 suonsərid 
-de MOY-Apea}s 10] 000'01 W01} BULI 2111 3[242 JO S[243] 3]qe1da22y 

1891 34) Jaye pue 310jaq uswa ay) SUNSA əlqqnq Aq paulw 

-1913p S! /1183]UI ƏL “MO p321 311) 01 0122 WOJ] Sasues Jeu IÁ 

MOY e 01 auauia[» Ja} əy} Surjosíqns Aq moy Sunesind pueisujta 
01 1uauigja 3Y) JO ÁJIISIJUL eu) souruiajap 192) ange] MOY aul 


3521 9MÍNPHA MOTA 64€ 


'sue1quiaul 
TeonáTeue ue y$no1y] passed 19371) 353) e 101] JUAN Ja JO sisÁTeue 
onnaunag18 pue oidoosojonu sastidulod 192) au] :uoneulurejuoo 
U131SÁS 0] 23INQIIJUO)I 398] ur JOU [JM JƏHY € yeu) SULINSUI JO SULJU e 
saplaoid 31 yey) ut o2ue110dui jo en) *S1 359] SIU ‘Wass e ui JULU 
-Iurejuo2 e saui032q 'əsinoo JO EILW pases[a1 YONG peo] Japun 
Aan $3] UTe321 0] UMJ paw əy} Jo əmr 0? 10 a1nj2ejnueui Sui 
-Mp ul 3[mq 10 pauasoo| umrpəui JO sa[oned oi anp aq AE asea[a1 
aU ‘yoq 10 ursa1 Japulq jo sdum] pews 10 siəqu jo pastiduioo SI 


Saunagooud LSSL KA 


248 TEST PROCEDURES 





Fig. 3.61. Multipass test stand. (Courtesy Pall Industrial Hydraulics Corp.) 


This test was introduced by Dr. Ernest Fitch and fellow scientists 
of Oklahoma State University. The test is an attempt to develop a 
reproducibie realistic laboratory test that simulates actual use con- 
ditions by the recirculation, within the_test-system. of contaminant 
that is not trapped by the filter under test. Fresh contaminant is 
also continuously fed into the test system. so that a constant con- 
tamination level of the test fluid is maintained. The test contami- 
nant is AC Fine Test Dust. dl Steg 

Samples of the test fluid are withdrawn simultaneously upstream 
and downstream of the element under test. at predetermined levels 
of differential pressure across the test filter. 

The samples of fluid are then analyzed with an automatic particle 
counter calibrated per ISO Standard 4402. The cumulative particle 
size distribution per milliliter of fluid is determined. usually at par- 
ticle sizes of 5, 10, 20, 30, and 40 um. 

From these data, the beta filtration rating may be calculated, as 
described in Chapter 1. 

The basic circuit used in the multipass test is depicted in Fig. 
3.62. and consists of an injection circuit and a filter test circuit. The 
injection circuit is continually circulated by a low-pressure pump 
through a heat exchanger to maintain constant test temperature. 
The system is designed to ensure that contaminant distribution 
also remains constant. The filter shown in the injection loop is used 
during injection loop “clean-up” cycles. A shutoff valve is adjusted 
to add contaminant from this loop into the filter test circuit. 

The filter test circuit is similar to the injection circuit, in that a 
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Diflerential 





A Flow Dittuser 


D Diflerential Pressure 
Measunng Sections 


Fitter Test System 


Contaminant Injechon System 
Fig. 3.62. Multipass filter test circuit. (Courtesy Purolator Technologies, Inc.) 


low-pressure pump circulates oil in open-loop system, passing fluid 
through a heat exchanger- The test filter is mounted at the outlet 
of the heat exchanger. A differential pressure transducer is used to 
monitor increasing pressure drop as contaminant is added. The in- 
let and outlet of the test filter are provided with sampling valves so 


that fluid samples can be analyzed. These-are-used-to-determine—————— o 


fluid condition and make certain that the system is calibrated prop- 
erly. Many manufacturers now use in-line particle counters rather 
than taking fluid bottle samples. A flowmeter is used to determine 
flow rate at the filter outlet. Flow rate is adjusted for turbulent flow 
to ensure continuous mixing of the test contaminant. 

This test procedure is used to determine beta valv=/separation ef- 
ficiency, dirt-holding capacity, and element pressure drop charac- 
teristics. 

ANSI B93.31M-1973 (R1981) (NFPA/T3.10.8.8M-1973), Multi- 
Pass Method for Evaluating the Filtration Performance of a Fine Hy- 
draulic Fluid Power Filter Element, is an extremely detailed proce- 
dure developed to provide reproducible test data for appraising the 
filtration performance of a fine hydraulic fluid power filter element. 

The procedure is based on the use of the multipass test method 
using AC Fine Test Dust and an automatic particle counter (or any 
ISO-approved counting method). It describes the system design re- 
quirements, test filter preparation, contaminant injection proce- 
dures, test result extraction, and other related topics. 
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containers should be examined to make sure that the rims of the 
containers are not chipped and that the closures are reusable. 
New nylon or Mylar film is always required if the container is to 
be reused. If metal containers are required. then they should be 
inspected to ensure that no corrosion or leaks have occurred and 
that no deformation around the closure area exists. Following this 
inspection, the containers for reuse can be cleaned, verified, and 
stored as if they were new containers. 


PARTICLE DISPERSION 


In analyzing samples that have been stored for any period of 
time, particulate material in that sample may agglomerate, pre- 
cipitate, or become attached to the container walls. If this occurs, 
the particulate material must be redispersed or reentrained. ln 
this way, the correct size distribution will be recorded, and the 
concentration measured will not be affected by recording a num- 
ber of particles which have agglomerated as a single larger par- 
ticle. 

The forces that cause particles to agglomerate in hydraulic oil 
during storage are primarily gravitational forces resulting in sedi- 
mentation. Because the contaminant particles are typically at 
least twice as dense as the hydraulic fluid. they will settle to the 
bottom of the container during storage. If the concentration is 
sufficiently high. one particle will deposit on top of another. Even- 
tually. the intervening oil film is removed. and the two particles 
achieve intimate contact. A combination of forces such as me- 
chanical linkage for irregular particles, van der Waal's forces and 
electrostatic forces will retain particles in intimate contact with 
one another once the intervening liquid film is removed. In gen- 
eral. the agglomeration forces vary inversely with particle size: 
that is, smaller particles are more difficult to redisperse than 
larger particles. 

Consider the procedure for preparing calibration material indi- 
cated in ANS! B.93.28-1973 entitled. “Method for Calibration of 
Liquid Automatic Particle Counter Using AC Fine Test Dust.” This 
common practice. employed in many laboratories. is adequate to 
redisperse particles in samples. The fluid sample can be placed in 
an ultrasonic cleaner and sonicated for a period of 2 to 5 min. 
Foliowing this high intensity ultrasonic application, the sample is 
violently agitated by paint shaker or by vigorous manual shaking 
for a period of at least 5 min to ensure complete dispersion of par- 
ticulate material. 

Note, of course. that violent agitation and mixing result in air 
bubble formation. The air bubbles must be removed from the 


3.7 FILTER TESTS 253 


sample before any particulate analysis is made especially with an 
optical particle counter. Techniques for air bubble removal will be 
discussed later. 

In general, samples that are stored for no more than one or two 
days will not require this intensive mixing action for adequate 
particle dispersion. Vigorous shaking for a period of no more than 
1 or 2 min may be adequate. After the particles are well dispersed 
in the fluid, measurement must be made before larger particles 
settle from the zone where the particles are aspirated or allowed 
to flow into the particle counter inlet tube. Particles settling in the 
fluid reach their terminal velocity very quickly. In general. the 
time to achieve the terminal velocity for most particles of interest 
is based on Stokes law. 

When considering the requirements for particle dispersion in 
stored samples. the parameters of concern include: storage time 
before measurement, sample transport from container to measur- 
ing system, sample container configuration. initial sample con- 
centration, and sample/liquid relationships. If a sample is stored 
for a long period of time, gravitational settling results in the possi- 
ble formation of coherent flocs. agglomerates, or both. These re- 
quire violent agitation for adequate dispersal. Following disper- 
sion, the particles in the sample will begin to settle to the bottom 
of the sample container again. even while fluid is being with- 
drawn. If the flow rate to the particle measuring system is very 
low. a series of successive samples will differ in recorded concen- 
tration and particle size distribution because larger particles will 
continue to settle out of the sample acquisition zone. Therefore, 
it may be necessary to continue some mixing during sample re- 
moval, taking care to prevent possible air entrainment from vortex 
formation. The level of liquid in a sample container controls mix- 
ing effectiveness and prevents vortex formation at the point of 
sample withdrawal. 

These problems are aggravateu if the specific gravity difference 
between the particles and the liquid increases—and ifthe surface 
nature of the particulate material in a particular liquid can lead 
to the possibility of an electrical double layer formation. If the lat- 
ter is the case. coagulation rates are affected. In a similar manner. 
coagulation is accelerated at higher concentrations. In this case. 
Brownian motion and thermally caused turbulence result in the 
increased probability of intra-particle contact. 


DEAERATION 


In the process of providing adequate dispersion. the liquid is 
often mixed to the point where air is entrained, and air bubbles 
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more than one particle at a time in the sensitive volume. This 
problem occurs with any optical counter. electrical sensing 
counter, and with microscope measurements. Because groups of 
particles are detected as a single larger particle, coincidence error 
is not affected by flow rate. The number of particles present in the 
sensitive volume is a function only of the concentration and the 
size of the sensitive volume. and it does not increase or decrease 
with changes in flow rate. 

The electronic system counting rate capability is affected by flow 
rate as well as by concentration. Eventually. either coincidence 
error or electronic saturation causes the system to miss so many 
particle counts that gross errors occur. In such a situation. it is 
necessary to dilute the sample to the point where the particle 
counting device is able to measure the concentration in the di- 
luted sample. In some cases. dilution of a viscous oil with a lower 
viscosity solvent is necessary. This requirement arises if the parti- 
cle analyzer contains small flow passages that will not permit the 
sample to flow at a rate that is satisfactory. For example. most 
particle counting instruments are calibrated for operation at a 
fixed flow rate. If the flow rate is changed. the particle counter 
sizes particles incorrectly. To ensure correct sizing. the flow rate 
must be maintained at or near that recommended by the manu- 
facturer. Viscosity control may be required to permit flow rate con- 
trol. Dilution is required if hydraulic fluids with viscosity appre- 
ciably greater than 200 cSt are used. or if the particle counting 


When a fixed ratio dilution is required. a relatively simple proce- 
dure can be used. First. establish the desired dilution ratio. For 
dilution ratios larger than approximately 25:1. a sequential proce- 
dure is required because volumetric measuring accuracy for small 
quantities of liquid is extremelv difficult. Next. fill a clean con- 
tainer to a preset marked level with clean diluent. A convenient 
diluent container size is 100 mL. Then, remove a quantity of clean 
diluent equal to the inverse of the dilution ratio. For example. if a 
dilution ratio of 25:1 is to be used. remove 4 mL of clean liquid 
from the 100-mL container. Next, the original sample should be 
well mixed, and a sufficient sample should be poured into the 
marked diluent container to bring the tota] quantity to the origi- 
nal level. In this way. 4 mL of sample are added to 96 mL of clean 
diluent to make a 25:1 dilution. 

If the required dilution ratio is not known but the original sam- 


e 
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ple is suspected of requiring dilution, the following procedure can 
be used. First, make a measurement of the particle concentration 
in at least five size ranges with the particle measuring device set 
to produce a cumulative size distribution. Realizing that the vast 
majority of contaminant samples have a logarithmic or power 


function distribution, examine the data. If the first two or three 


particle size ranges, beginning with the smallest range, do not fol- 
low the typical size distribution function, dilution is indicated. 
Note the particle size distribution data in all five size ranges for 
future reference. Next, make a 2:1, 5:1, or 10:1 dilution depend- 
ing on the indicated size distribution using the procedures de- 
scribed in the preceding paragraph. Reexamine the particle size 
distribution that is obtained following the first dilution. If this 
first dilution is adequate. the particle concentration ratio for all 
the size ranges decreases in accordance with the dilution ratio. If 
the dilution ratio is not adequate. the particle concentration ratio 
in the larger size ranges may decrease. Repeat the dilution process 
as many times as necessary to ensure that the particle concentra- 
tion in the smallest size range decreases in accordance with the 
dilution ratio last used. Record the particle concentrations for 
each of the ranges in accordance with the dilution ratio effective 
for that size range. Care is required. Sequential dilutions of the 
type described here will result in a decrease in particle concentra- 
tion in thelarger size ranges to the point where the data are statis- 
tically insignificant. 





member that some particles may be soluble in solvents other than 
the original hydraulic fluid sample. It is also possible that artifacts 
can be introduced in the dilution process from handling. from in- 
adequately cleaned solvents, and from containers and measuring 
devices that are used in the dilution procedure. A sufficient con- 
centration of particl«~ in all size ranges must be measured so that 
the data are statistically significant. Excessive dilution to reduce 
concentration at the small particle size may reduce the large parti- 
cle concentration to the point where handling and liquid mea- 
surement errors may be excessive in comparison with statistical 
accuracy of the particle concentration that is measured. Further. 
in the liquid handling process, good mixing is required through- 
out the procedure because large dense particles may easily be lost 
during the handling process. Finally. the requirement for extreme 
accuracy in handling fluids and for measuring small quantities of 
liquid cannot be overemphasized. 


rferming any dilution. some precautions-are-hecessary.-Re-—— — Y. 
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test actuator moves too quickly. supply pressure may drop, thus re- 
ducing torque. Also, fast load actuator movement may reduce the 
backload on the test actuator, thus reducing the required torque. 

The best method for monitoring output force is a load cell or ro- 
tary torque transformer. These devices can display actual force cali- 
brated to whatever engineering unit you desire. These devices 
should be mounted between the test unit and load device with pre- 
cautions taken for proper alignment based on manufacturer's rec- 
ommendations. Improper alignment can cause errors in readings 
and instrument damage. 

When conducting this test (especially for rotary actuators), it is 
wise to test in both directions of travel, which will ensure that the 
actuator is mechanically sound in all operating conditions. Also, 
some actuators may be single acting with spring return. Many man- 
ufacturers recommend checking spring return force to detect spring 


failure or wear. 





3.8.2 Breakaway Pressure 


A breakaway pressure test determines the amount of force neces- 
sary to commence movement of an actuator. There are several fac- 
tors involved here. Piston and rod seals have a tendency to bind after 
sitting for long periods of time with no lubrication. Even in normal 
use, seal preload is required to maintain a positive seal. The toler- 
ances between moving parts also has an effect. Even though several 
thousandths of an inch clearance between parts is standard. uncon- 
centric fit. wear. and perpendicularity problems can increase the 
amount of normal mechanical friction. Another consideration is the 
weight of the moving parts. Inlet pressure must also exert sufficient 
force to move internal weight. This weight can also change depend- 
ing on the position the cylinder or rotary actuator is mounted. Pic- 
ture a ram cylinder with a 12-in. rod and 36 in. stroke. With the 
cylinder mounted horizontally, the load is supported by the bearing 
surfaces of the piston and rod bearing. Horizontal force is a fraction 
of vertical force. Now try and lift that rod weight vertically. Thats 
different. 

When conducting this test, it is important that the actuator is 
cycled several times first, which will ensure that the seals are lubri- 
cated and that the unit exibits no unusual or erratic movement 
through the full travel. You will then require a good pressure regula- 
tor and gage to read a low pressure (in most cases) for breakaway 
pressure: Typically in small and medium size actuators, breakaway 
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pressure is 20—100 psi, while operating pressure is 3000-5000 psi. 
If an accurate breakaway pressure is needed, a 3000 or 5000 psi 
gage is not very accurate or readable down in the low-pressure-range 
required. 

After the actuator begins moving, the pressure will usually drop 
to running force pressure. The highest pressure detected prior to 
unloaded running pressure is considered to be breakaway pressure. 
SAE J214, Hydraulic Cylinder Test Procedure, defines a procedure 
for measuring packing drag (breakaway pressure). 


3.8.3 Piston Seal Leakage 


The piston seal leakage test is conducted to determine the amount 
(if any) of oil "blowby." This measures the effectiveness of the piston 
seal. Some cylinders are designed with positive seals, while other 
cylinders allow a small amount of leakage. Basically, there are three 
methods most frequently used to measure piston seal leakage. 


END OF STROKE PRESSURIZATION TEST 


In the end of stroke pressurization test. the cylinder is bottomed 
out and pressurized at one end. The opposite end is vented to atmo- 
sphere so that any fluid leaking past the piston seal can be seen 
exiting the vented port. In the event of leakage, the vented port can 
be plumbed to a flowmeter or into a beaker to monitor the relation- 
ship of leakage versus applied pressure. 

The only drawback to this test is that leakage can only be mea- 
sured at extreme ends of the stroke. In many cases. if leakage is to 
occur, it is usually at some point midstroke. Cylinder tube machin- 
ing sometimes results in the tube "belling out" in the center owing 
to the difficulty in maintaining close tolerances farther away from 
the tool holder of the boring machine. Also. score marks can occur 
at any point along the travel during machining or from operation 
with contaminated fluid. 


MIDSTROKE LOAD TEST 


This test provides for a method to measure piston seal leakage at 
any point throughout the actuator stroke. It is similar to the test 
previously described, except that the test equipment necessary in- 
cludes an additional slave cylinder and valve, and zero leak shutoff 
valves and pressure gages at each port of the test actuator. 

Basically. the test cylinder and slave cylinder are mechanically 
linked at the rod ends. After several air purge cycles. the test cylin- 
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reaching the pressure seal. After a period of time, the elastomer be- 
gins to fail for various reasons and the contaminates have an easier 
path into the system. 

This.is an area that is difficult to predict owing to the wide variety 
of applications possible. The worst case applications generally in- 
clude mobile equipment and environments similar to and including 
steel mill use. Generally, the cylinder is cycled similar to the rod seal 
leak test, except that the rod is exposed to the contaminant desired. 
The actual ambient conditions are simulated as close to the applica- 
tion as possible. Testing can be accelerated by adding more contam- 
inates. After a designated number of cycles, the cylinder fluid is 
sampled and analyzed and the surface finish and seals are visuallv 
inspected. 


3.8.6 Cycle Life/Endurance Test 


The cycle life/endurance test is difficult to perform owing to the 
various applications available. This test is usually conducted to de- 
termine a cylinder's tolerance to a specific set of parameters. 

SAE J214. Hydraulic Cylinder Test Procedure. depicts a typical 
test setup recommended for endurance testing. The circuit consists 
of two pump circuits: one to power the test cylinderand one to sup- 
ply a slave cylinder used to load the test cylinder. The test defines a 
general procedure that can be applied based on the desire test goals. 
It is suggested that at the conclusion of the test, an internal leak 
test should be conducted. It is also recommended that external leak- 
age tests be conducted between selected cycles so that accumulated 
leakage can be analyzed and recorded. 


3.8.7 Pressure Rating/Test Methods 


Cylinders and rotary actuators are considered pressure vessels. 
and proper design techniques are applied to ensure that the correct 
safety factor is applied. In the early days of hydraulics. a safety factor 
of 3—4 was applied. The component was designed and tested for 
proof and burst pressure. Proof pressure was designated as the 
pressure that a component could be subjected to (over its normal 
operating range) without permanent failure or distortion. Burst 
pressure meant just that—burst. 

In an effort to standardize the rating method, SAE J214, Hydrau- 
lic Cylinder Test Procedure, outlines a method to pressurize the test 
cylinder with the piston midstroke, with visual examination after a 
30 sec pressure cycle. 
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ANSI B93.10M-1969 (R1982) (NFPA/T3.6.5M-1968), Static Pres- 
sure Rating Methods of Square Head Fluid Power Cylinders, defines 
the requirements for static pressure rating, properties of materials, 
method of marking, and assembly and workmanship. It is stated 
that the procedure is not intended to determine the maximum op- 
erating pressure or safety factor of a cylinder. Also, upcoming proce- 
dures will outline the problems encountered with various mounting 
styles and rod buckling, both of which affect the pressure rating of 
a cylinder. 

Calculations are outlined for determining tubing, head and cap, 
tie rod. and femaie tie rod attachment thread failure pressures. Ma- 
terial specifications for tubes, heads and caps, and tie rods and nuts 
are detailed. Copies of this procedure can be obtained from the 
NFPA. 


3.8.8 Rod Buckling Test 


The rod buckling test defines the maximum unsupported load a 
cylinder rod can safely overcome. Most manufacturers publish sim- 
plified tables that define the maximum forces allowed on various 
combinations of cylinder rod diameter and unsupported rod length. 
It is a destructive test. 

The cylinder is designed with the intent of adding a safety factor 
above and beyond the maximum allowances calculated from the Eu- 
ler formula. (See Chapter 1 for additional information.) 


3.8.9 Mounting Style Strength 


The mounting style strength test is a destructive test where a cyl- 
inder is loaded until failure of the cylinder mount or mounting hard- 
Ware occurs. In many cases, the mounting style is the weakest point 
in the cylinder design. This also depends on the.application and ac- 
tual cylinder mount on the equipment. 

Industry standards are currently being developed to define a stan- 
dard method. 


3.8.10 Rotary Actuator Backlash 


The rotary actuator backlash test defines the movement charac- 
teristics of the output shaft of an actuator after pressure is vented. 
During the translation of linear motion to rotary motion, certain 
manufacturing tolerances come into play, which allow a slight 
movement of the rotary output shaft. If gears (rack and pinion) are 
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First of all. will someone please define a bubble? What is a bubble? 
How big is a bubble? My point is best understood by telling a true 
story. A valve manufacturer purchased a bubble test machine, and 
the downstream side of the-valve was connected to a 1/4 in. tube 
that dropped into a clear water viewing chamber. Pressure applied 
to the valve inlet would create a reduced pressure on the valve outlet 
if leakage on the seat was present. This downstream pressure wouid 
create a bubble on the tube outlet under the water. As the bubble 
grew. it eventually broke loose from the vertical tube and floated to 
the water surface. This was considered one bubble. 

Weeks later. the manufacturer claimed that the test stand did not 
agree with tests conducted on two older test Stands. The other two 
stands both used different methods. One stand used a 1/4 in. tube 
under water, the tube opening was under the water, but horizontal 
to the surface. A bubble, smaller than the tube ID was able to roll 
along the ID and immediately float to the surface once reaching the 
tube end. This was considered a bubble. The new test stand re- 
quired that the bubble grow larger than the tube OD prior to escap- 
ing to the surface. The other method used was to fill the top of a 
horizontally mounted valve with water, so that when the bottom was 
pressurized with air, a bubble could be seen at the seat seal. Once 
the bubble formed. and was large-enough to break loose, it was con- 
Sidered a bubble. Each machine used the bubble method, but each 
bubble diameter was different. 

Disregarding the lack of standardized test procedures, the test is 


° conducted by pressurizing a component with air and watching for 


air bubbles under water. A shutoff valve can be seat tested using 
this method. provided that all downstream components and tubing 
are zero-leak. It is also important that the downstream side be 
purged of all fluid between tests to prevent inconsistency of test re- 
sults. In some procedures, the test item is fully submerged under 
water to detect any external leaks caused by casting porosity. seal 
failure, or improper assembly. 


3.9.3 Pressure Decay Method 


The pressure decay method is one of the most common proce- 
dures used to find both internal and external leaks. There are defi- 
nite problems associated with this technique, but applied properly, 
repeatable test results are attained. 

The pressure decay technique can be used with both air and fluid 
as a test media. This method is based on the Principle of compress- 
ibility of the media. A test component has a certain internal volume 
that can be either calculated or determined by fluid displacement. 
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This internal volume and the volume of the pressurized portion of 
the test circuit are considered the test volume. This test volume pro- 
vides us with the volume of the media at atmospheric pressure. As 
fluid or gas pressure is increased, Inore of the media is forced into 
the same volume. This is what causes the increase in pressure, an 
increase of media volume in the same fixed test volume. 

Some components are designed for both fluid or gas service and 
can be tested with either medium. The selection of medium type is 
based on the ability of the test component to operate properly using 
the medium, the size of the leak and the amount of test time avail- 
abie. 

Testing with a gas is a very stable method owing to the high com- 
pressibility of gases. One frequent problem encountered is the effect 


change in pressure, thus the accuracy of the test is affected. Several 
formulas used to express pressure and temperature effects are: 


P, x V, = P, x V, (Isothermic) 
P, x T, = P. x T, (Isochoric) 
V, x T, = V, x T, (Isoharic) 

PV = Py xv? 


Tu. Ws qe cm 
T, AV, u P, 


P, = original pressure (psia) 
P, = final pressure (psia) 

1 = Original volume 

2 = final volume 

T, = original temperature 
T, = final temperature 


n = an exponent dependent on the type of expansion and the gas 
used: n = 1 for isothermic expansion. n — 1.4 for adiabatic 
expansion using diatomic gases such as air and nitrogen, n 
= 1.7 for monatomic gases euch se hari. 
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Using this number we can now calculate the pressure decay ex- 
pected in 1 min: 


, 


test pressure (psig) 
decayed volume ratio 





pressure decay (1 min) = 


Actual pressure decay in the specified test time can now be solved: 


Pressure decay = 
Test pressure (psig) — Pressure decay (1 min) 
60 





x Test time (sec} 


As an example let us assume: 


Air leak rate (cc/min) = 5 
Test volume {in.*) = 2 
Test pressure (psig) = 80 
Test time (sec) = 30 


Therefore. 
+14. 
— ERN a 7 iie 12.884 in.? compressed volume 

12.884 = 
12.884 — (5 0.06102) ^ 1-024 decay volume ratio 

80 f 

1024 7 78.125 psi 

99 25-8 — 22830 = 0.9375 psid in 30 sec 


3 
If fluid is selected as the test media. the following section is helpful 
in predicting pressure decay. 


FLUID LEAK TEST 
The following values must first be selected to determine the 
amount of pressure decay: 


Fluid leak rate (cc) — 
Test volume (in.?) — 
Test pressure (psig) = 


From these data, an ideal situation can be calculated to determine 
resultant pressure decay. First. compressed volume must be calcu- 
lated: 


compressed volume (in.?) 


= test volume (in.3) x compressibility factor 
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The compressibility factor is selected from the following table 
based on fluid type and test pressure: 





Test Pressure Oil Water 
1000 0.0056 0.0033 
2000 0.0104 0.0067 
3000 0.0147 0.0094 
4000 0.0189 0.0125 
5000 0.0230 0.0154 
6000 0.0267 0.0183 
7000 0.0304 0.0213 
8000 0.0340 0.0238 
9000 0.0377 0.0368 

10,000 0.0411 0.0290 





Once the compressed volume is calculated. pressure decay can be 
calculated by the formula: 


pressure decay (psid) 


— leakrate(cc) x 0.06102 
~ compressed volume (in.*) 





X test pressure (psig) 


As an example. let us assume 


Fluid leak rate (cc) = 0.05 ` 
Test volume (in.?) = 10 

Test pressure (psig) = 4000 

Test media = Water 


Therefore 


10 x 0.0125 = 0.125 in.? 


0.05 x 0.06102 
2.05 x 2.06102 x 4000 = 97.92 psid 

Using this method has both advantages and disadvantages. Ow- 
ing to the low volume compressibility of fluids, very small leaks can 
easily be detected by standard gages or pressure transducers. As 
demonstrated by the preceding formula. a 0.05 cc leak in a 10 in.? 
test volume produces a pressure decay of 97.92 psi when starting 
from 4000 psi. Usually, 0.05 cc is equivalent to one drop of fluid. If 
the same component were tested with air. the results would be quite 
different. Assuming a 0.05 cc leak, a test volume of 10 in.?, a test 
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3.9.6 Soap Bubble Method 


An external gas leak can easily be detected by using a mixture of 
liquid soap and water. Brushing this soapy solution over potential 
leak points. such as fitting connections, will produce bubbles-that 
pinpoint the location of the leak. Although leak rate is impossible to 
measure, very small leaks can be found with this method. 

In some industries. the use of soap and water are no longer al- 
lowed, but commercially available synthetic bubble solutions are 
used. These solutions can be supplied for a wide variety of applica- 
tions with leak detection capability down to 1 x 10^ (0.000001) 
standard cc/sec. 


3.10 Cyclic Shock Tests 


Components that are to be subjected to severe temperature or 
pressure cycles are tested to determine the resulting effects caused 
by these conditions. These tests reveal certain mechanical deficienc- 
ies or design flaws, as well as moving part interaction problems and 
resulting leakage. 

It is important to maintain operator safety during these tests. 
since mechanical rupture and potential scalding from hot fluids is 
possible. In most cases the test item is mounted within an enclosure 
with a viewing window. The enclosure is designed to withstand ex- 
plosion.of the component and contain fluid spraying from cracked 
component surfaces. 

Cycle test stands are normally designed to operate 24 hr a day. 
since cycles may be well into millions of cycles. This requires that 
the test stand have sufficient safety monitoring and self-protection 
to prevent damage to itself in an unsupervised mode. This includes 
features such as loss of fluid. overpressure. overtemperature. and 
component rupture. It should be designed to maintain the count of 
cycles at time of shutdown in order to prec.ude a complete rejection 
of current cycle test data. 

The svstem should be designed with sufficient safety factor, in 
other words. so that the system should last longer than the test arti- 
cle. This is not always the case, if proper system design techniques 
are not applied. 


3.10.1 Pressure Cycle Testing 


Pressure cycle testing subjects a component to repeated pressure 
pulses to determine fatigue life. The component is subjected to 
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pulses from zero (or close to it) to a predetermined maximum pres- 
sure. The actual pressure curve is generally applied as shown in Fig. 
3.65. One complete impulse cycle consists of 50% at pressure and 
50% at vent pressure. A 15% pressure rise time and 5% decay time 
are the maximum allowable limits. Test pressure regulation is de- 
fined as + 5% and vent pressure as high as 250 psi is acceptable. 

The cycle time is based on the number of cycles required and the 
time allowed to conduct the test. Millions of cycles are usually ap- 
plied to a component, so cycle time is generally kept as short as prac- 
tical. Generally. the governing factors are the amount of pump flow 
and maximum HP available to raise pressure from zero to test pres- 
sure. The 15% maximum pressure rise time governs the amount of 
flow necessary. This all relates to the compressibility of the test 
fluid. At first. you would think that because this is a static test (no 
flow), flow requirement would be minimal: if the component under 
test is small and pressure is low, this may be the case. But, let us 
look at a fairly common application. 

Assume we are testing a filter housing that has an internal volume 


1596 5% 
i TEST PRESSURE 15% 





5% 


50% 50% 


1 COMPLETE CYCLE 


Fig. 3.65. Pressure impulse cycle. 
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response to depict true test temperature. Temperature monitoring 
in each loop is accurate for that loop only. The temperature mix in 
the common circuitry may cause the temperature to increase or de- 
crease at the component inlet owing to change from uninsulated 
piping or rapid change in exposed circuitry. It is advisable in most 
cases to insulate all circuitry to prevent inefficient heating or 
cooling. 

The test component outlet now vents to a common reservoir. This 
mixes the hot and cold loops creating a common fluid mix at a mean 
temperature between the high- and low-temperature extremes. This 
is. of course. including effects of ambient temperature and system 
inefficiencies. Fluid must now be drawn from a common reservoir 
by both loops and fluid heated or cooled to the proper temperature 
prior to entering the test component. 


3.11 Environmental Test Methods 


Fluid power components are often used within systems that are 
subjected to ambient conditions outside the normal factory environ- 
ment. When this occurs. a manufacturer or the end user requires 
testing to determine if extreme ambient conditions will degrade the 


performance of a component. Components may be tested alone o: 


as part of an overall package. 

One of the most demanding applications is that used for military 
equipment. Figures 3.66 and 3.67 depict the types of general tests 
performed to a component or system and the situation the compo- 
nent or system faces during these ambient conditions. The situa- 
tions are shipping/transportation. storage. and actual use. The fig- 
ures depicted are taken from MIL-STD-810D, Environmental Test 
Methods and Engineering Guidelines. This standard is used for 
both military and industrial testing owing to its thorough coverage 
of the subject. The following test descriptions are brief summaries 
of the applicable tests covered in this standard. . 


3.11.1 Low Pressure (Altitude)—Method 500.2 


Method 500.2 details the guidelines used for determining test pro- 
cedures and test conditions based on the application. Three condi- 
tions are defined: storage test. operation test. and rapid decompres- 
sion test. 

Examples of some problems that could occur due to low pressure 






3.11 ENVIRONMENTAL TEST METHODS 281 


eege Comp 
Eyvan: 


Durauon and 
Bg: Esagsrraton 








Fig. 3.66. Vibration test specification development (MIL-STD-810D). 


b. Rupture or explosion of sealed containers. 

c. Change in physical and chemical properties of low-density 
materials. š 

d. Erratic operation or malfunction of equipment resulting 

from arcing or corona. 

Overheating of equipment due to reduced heat transfer. 

Evaporation of lubricants. 

Erratic starting and combustion of engines. 

Failure of hermetic seals. 


Tm moo 


One main example in the fluid power industry would be the suc- 


tion characteristics of a pump. Reduced ambient pressure results 
in increased suction requirement. 


are: 
a. Leakage of gases or fluids from gasket-sealed enclosures. 
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Typical problems caused by this change include: 


Shattering of brittle components. 
Binding or slackening of moving parts. 
Separation of constituents. 

Changes in electronic components. 


Electronic or mechanical failure due to rapid water or frost 
formation. 


Differential contraction or expansion of dissimilar mate- 
rials. 


g. Deformation or fracture of components. 
h. Cracking of surface coatings 
i. Leaking from failed seals. 
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3.11.5 Solar Radiation (Sunshine)—Method 505.2 


Method 505.2 defines effects caused by solar radiation, which dif- 
fer from high temperature. The amount of heat absorbed or reflected 
depends on the roughness and color of the surface on which the: 
radiation is incident. Intensity of the radiation can cause differen- 
tial expansion and contraction of components, thus leading to se- 
vere_stresses_and loss of-structural integrity. 

Some effects caused by excessive radiation include: 


Jamming or loosening of moving parts. 
Weakening of solder joints and glued parts. 
Change iri strength and elasticity. 

Loss of calibration or malfunction of linkage devices. 
Loss of seal integrity. 

Changes in electrical and electronic components. 
Premature actuation of electrical contacts. 
Fading ^r discoloring due to ultraviolet exposure. 
Changes in elastomer characteristics. i 
Blistering and peeling of paint and coatings. 
Softening of potting compounds. 
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3.11.6 Rain—Method 506.2 


Method 506.2 details the possible effects to components exposed 
to rain or the aftereffect that could lead to the following problems: 


a. Degrades the strength of some materials. 
b. Promotes corrosion of metals. 
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c. Deteriorates surface coatings. 

d. Failure of electronic components (inoperative or dangerous 
conditions). 

e. Freezing after penetration, causing cracking and swelling of 
parts. 

f. Causes high humidity. which encourages corrosion and fun- 
gal growth. 


3.11.7 Humidity—Method 507.2 


Method 507.2 is performed to determine the resistance of material 
to the effects of a warm. humid atmosphere. Moisture can cause 
physical and chemical deterioration. while the added effect of tem- 
perature changes can cause condensation. Figure 3.69 depicts a 


y 
See Note | i Note 


d 1 
Relative Humidity (1) 


o 


Temperature ( C) 


D 8 LI “ue = 


Hours 


Note: Relative humidity maintained above 85% during temperature drops. 


| Fig. 3.69. Temperature/humidity cycle (MIL-STD-810D). 
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maintained at a specific gravity by using the measured temperature 
and density of the solution. Water used is from steam or distilled. 
deionized. or demineralized. The solution is sprayed into the cham- 
ber with atomizing nozzles. 


3.11.10 Sand and Dust—Method 510.2 


Method 510.2 is divided into two categories owing to the differ- 
ence each type of airborne contaminates have and the resulting 
problems they cause. Two types of blowing sand facilities are used 
and are depicted in Figs. 3.72 and 3.73. The variables associated 
with this type of test include air velocity, temperature, test item con- 
figuration and orientation. sand and dust concentration and com- 
position, test duration. and additional guidelines as appropriate. 

Basically this test defines the problems created such as: 


a. System contaminant ingression. 
b. Abrasion of surfaces. 
c. Penetration of seals. 


MIL-STD-B10D 
19 July 1983 





AIR CONDITIONING  VARIABLE-SPEED FAN 


Corts 









ELLA RARO AL ITITI TITA 
Zcnew-rvre LL ae rcov 


SAND FEEDER STRAIGHTENERS 








TEST 
CHAMBER 





——bp- SAND-AIR MIXTURE 





SAND 
COLLECTI 


Fig. 3.72. Vertical flow blowing sand test facility (MIL-STD-810D). 






———— e 


3.11 ENVIRONMENTAL TEST METHODS 289 








SAND 
SEPARATOR 





VIBRATORY 





VARIABLE 
SPEED CONDITIONING 
FAN COIL 





| e COLLECTOR 

H 

NOTE: THE LAYOUT OF THIS SYSTEM 1S NOT DRAWN 
TO SCALE; IT IS INTENDED TO ILLUSTRATE THE 
ARRANGEMENT OF THE COMPONENTS. THE SPECI- 
FICATIONS OF ALL COMPONENTS ARE NOT 
PROVIDED IN THIS TEST DESCRIPTION. THEY 
MUST BE CALCULATED BY THE ORGANIZATION 
SUPPLYING THE COMPONENTS. "INDUSTRIAL 
VENTILATION, A MANUAL OF RECOMMENDED 


PRACTICE" WILL PROVIDE DATA AND GUIDANCE 
FOR DESIGNING THE REQUIRED EQUIPMENT 


Fig. 3.73. Horizontal flow blowing sand test facility (MIL-STD-810D). 





d. Erosion of surfaces. 

e. Degradation of electrical circuits. 

f. Clogging of openings and filters. 

g. Physical interference with mating parts. 
ouling o! moving parts. 






3.11.11 Explosive Atmosphere—Method 511.2 


Method 511.2 determines a component's ability to function after 
an explosion, or the ability for a component to operate in a flamma- 
ble environment without creating an explosion. Any electric... device 
or mechanical friction can cause a spark. In certain areas, such as 
aircraft fueling, ordnance manufacturing, and petrochemical facili- 
ties the environment may contain flammable gases. Fluid power and 
other equipment operating in these areas must not create a cata- 
strophic condition. 

The component is mounted in a test chamber as depicted in Fig. 
3.74. A mixture of air and n-hexane is injected into the chamber 
and the component is operated in simulated operating conditions, 
usually worst case. In addition. the test item may be subjected to an 
explosion by igniters located within the test chamber. 
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Direction of Vehicle Acceleration 
Forward (See figure 513.3-1) 
Vehicle Acceleration 


Category 


Manned Aerospace 
Vehicles 


Wing/ 

Sponson 
Aircraft| Mounted 
Stores 

Fuselage 


Mounted 


Ground-Launched 
Missiles 


Y Levels in this column should be used when forward acceleration is unknown. When 
the forward acceleration of the vehicle is known, that value shall be used for A. 

2/ For carrier-based aircraft, the minimum value to be used for A is 4, representing 
a basic condition associated with catapult launches. 

3/ For attack and fighter aircraft, add pitch, yaw, and roll accelerations as 
applicable. 

4/—For helicopters, forward acceleration is unrelated to acceleration in other 
directions. Test levels are based on current and near future helicopter design 
requirements. 

S/ When forward acceleration is not known, the high value of the acceleration range 
should be used. 

&/ A is derived from the thrust curve data for maximum firing temperature. 

l4 Where A' is the maximum maneuver acceleration- 

B/ In some cases, the maximum maneuver acceleration and the maximum longitudinal 
acceleration will occur at the same time. When this occurs, the test item should 
be tested with the appropriate factors using the orientation and levels for the 
maximum (vectorial) acceleration. 


Fig. 3.76. Suggested G levels for procedure II—operational test (MIL-STD- 
810D). 


3.11.14 Vibration—Method 514.3 


Method 514.3 is used to determine a components ability to with- 
stand vibration incurred during shipment or from the application 
itself. Figure 3.78 depicts the various categorics covered under this 
section. 

Typically. the complete system is tested to reveal any mechanical 
component that may fail due to induced stresses. Each category is 
covered with detailed information regarding test procedure. accept- 





3.11 ENVIRONMENTAL TEST 


METHODS 





Transportation/ 1. Basic Transportation 





Large ánseably 
Transport 


3. Loose Cargo 
Transport 


Application-lnóuced 


Propeller Aircraft 
Vibration 





Jet Aireraft/ 
Tactical Missiles 


Helicopter 


TA. External Stores 


7B. External Stores 


7C. External Stores 


8. Ground Mobile 


9. Marine 





10. Minimus Integrity 
Test 


A Also referred to as “equipsent categorias” 

















Down 


Fig. 3.77. Directions of vehicle acceleration (MIL-STD-810D). 


Equipeent carries as secured 
cargo 


Vary large abeltara, van, & trailer 111 
Systems as an alternative Lo shaker testing. 


Equipment carried on ground vehicles 11 
as unrestrained cargo 


Roulpeent installed in propeller aircraft I 
Banseó and unmanned 


Equipment installed in jet aircraft, manned and H 
unmanned, and installed in tactical missiles - 
free flight phase 


Equipment installed in belicopters 1 
^ "embleó stores externally carried on jet IY 
aireraft (including captive missile flight). 

Equipeent insiallec in stores externally carried i 
op jet aircraft 

Assembled stores externally carried on belicoptera. 1 
Equipeent installed in wheeled vehicles, trailers, 1 
anc tracked vehicles 

Equipment installed in ships or other naval 1 
wateroraft 

a. All other 1 





b. Vibration-isclated equipment 





2/ The provisions of section 1-5 apply to all vibration tests 


Fig. 3.78. Vibration 


environment categories (MIL-STD-810D). 
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lar types of shock caused by atmospheric reentry, water en- 
try of missles. and high velocity aerodynamic buffeting of 
high-performance weapons systems. 

h. Rail impact—used to verify a component's tolerance to nor- 
mal railroad car impacts that occur during rail shipment. 

i. Catapult launch/arrested landing—used to test a component 
mounted in or on fixed winged aircraft that are subjected to 
catapult launches and arrested landings. 


Another test often applied to fluid power components and systems 
is MIL-S-901. 


3.11.17 Aircraft Gunfire Vibration—Method 519.3 


Method 519.3 defines a component's ability to withstand vibra- 
tion induced by onboard gun firing. The vibration resulting from 
repetitive blasts is roughly two orders of magnitude above normal 
flight vibration levels. This vibration can cause intermittent electri- 
cal contact. catastrophic electrical failures, hydraulic malfunctions. 
and structural fatigue failures. Considering the fact that many of 
the aircraft guns in use are hydraulically driven. this test is particu- 
larly important. 

Vibration occurs from overpressure pulses emanating from the 
muzzle, recoil kick of the gun on its mounts, and the motion of am- 
munition handling mechanisms as the gun is firing. Testing is gen- 
erally done on the aircraft under worst case conditions. A calcula- 
tion procedure is also defined to approximate the potential vibration 


possible. 


3.11.18 Temperature, Humidity, Vibration, Altitude— 
Method 520.0 


Method 520.0 is mainly intended for testing electronic equipment 
installed in aircraft. The combination or individual effects or both of 
these factors account for all but 12% of the environmentally induced 
failures in the field. 

The test cycle is developed around the mission profile of the air- 
craft. The various phases of flight such as takeoff. cruise. combat. 
or low-level penetration are accounted for. During the test cycle. 
temperature. vibration. humidity, altitude. and cooling airflow are 
varied based on the requirement. 


3.11.19 Icing/Freezing Rain—Method 521.0 


Method 521.0 is used to define problems created by freezing rain. 
This causes binding. weight addition, moving part clearance 
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changes, structural failures, etc. Since many moving parts on air- 
craft are hydraulically actuated, this procedure is somewhat related. 


3.11.20 Vibroacoustic, Temperature—Method 523.0 


Method 523.0 is based on the combined effects of temperature, 
vibration and other operating stresses experienced by an externally 
carried aircraft store. These combined effects may interact to give 
effects that are not predictable from the results of single environ- 
ment tests, but which occur in actual service use. 

This test is based on mission profile. temperature profile, and vi- 
bration profile over a mission time base. 


3.12 Fluid Power Connectors 


interconnection of hydraulic components is accomplished with 
fittings. tubing. and hoses. These connectors must be rated to 
maintain structural integrity with some degree of safety margin. 
Many of the fittings and hoses used in hydraulic systems are manu- 
factured to SAE standards. These standards also govern certain 
tests that must be applied to each connector. 


3.12.1 Fitting Tests 


The following tests are required for fittings to meet SAE stan- 
dards: 

Wrenching Test—Steel nuts when assembled without tubing into 
mating brass fittings that are held securely bv a suitable means. 
such as in a vise. shall be capable of being tightened bv means of a 
standard open end wrench. having an opening as listed to the mini- 
mum torque values without failure (rounding) of the hexagon cor- 
ner. (Torques listed are for testing only. not installation torque.) 


Nominal Tube OD Minimum Torque Maximum Wrench Openin 


(in.) (in.-Ibf) (in.) i 
1/8 60 0.322 
3/16 120 0.384 
1⁄4 150 0.446 
5/16 180 0.510 
3/8 210 0.636 
7/16 300 0.699 
1/2 400 0.763 
5/8 500 0.888 
3/4 650 1.077 





(These ratings apply to Automotive Inverted-Flare design fittings.) 
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300 TEST PROCEDURES 


minimum of 150,000 cycles without leakage or other mal- 
function. 

12f. Impulse Test (four unaged assemblies)—hose assemblies. 
when tested at 133% of operating pressure with 200°F cir- 
culating petroleum base test fluid shall withstand a mini- 
mum of 200,000 cycles for sizes Ys in. and Y in., and 
300,000 cycles for all other sizes without leakage or other 
malfunction. 

12g. Impulse Test (four unaged assemblies)—hose assemblies. 
when tested at 133% of operating pressure with 200°F cir- 
culating petroleum base fluid shall withstand a minimum 
of 400.000 cycles without leakage or other malfunction. 
Hose sizes Yes, 1⁄4. and Ye in. are not usually impulsed as 
these sizes are not recommended for systems with con- 
ventional hydraulic surges. 

12h. Impulse Test (four unaged assemblies)—hose assemblies, 
when tested at 133% of operating pressure with 200°F cir- 
culating petroleum base test fluid shall withstand a mini- 
mum of 400.000 cycles without leakage or other malfunc- 
tion. Hose sizes Ys. 1⁄4. Ye, and V» in. are not usually 
impulsed as these sizes are not recommended for systems 
with conventional hydraulic surges. 

13. Visual Examination (all samples) Inspection Tests—in- 
spection tests listed below shall be performed on two sam- 
ples representing each lot of 500—10.000 ft of bulk hose 
or 100—10.000 assemblies. Lots of less than 500 ft of hose 
or 100 assemblies need not be subjected to these tests if 

i ts within the 
previous 12 month period. Requirements for all hose clas- 
sifications shall be the same as for corresponding Qualifi- 
cation Tests: 





Dimensional Check Test 

Proof Test 

Change in Length Test 

Burst Test _ 


Boer 


In addition all hose or hose assemblies or both made 
therefrom shall be subject to visual examination. 


3.12.3 Quick Disconnect Tests 


Quick disconnects follow the same general test requirements de- 
scribed for fittings and hose as previously discussed. However, a few 
specialized tests are conducted which apply to this special con- 


nector. 
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Force to Connect and Disconnect Some disconnects can be con- 
nected under pressure (those with internal check valves) and 
some cannot. In either instance the force required at no pressure 
or rated pressure is tested for to determine operator ease or diffi- 
culty-of operation. 
Connect and Disconnect Cycling This endurance test deter- 
mines the amount of cycles prior to any degradation or failure of 
either the male or female half. 
Tensile Strength The mechanical design limit encountered un- 
der pressure. This is a destructive test. where pressure is continu- 
ously increased until failure occurs. 
Swiveling The amount of rotation encountered or possible while 
pressurized or at no pressure. 
Air Inclusion During connection and disconnection. it is possi- 
ble to pull in air or create a void that can be introduced into the 
hydraulic system. Air in a system can cause excessive wear. cavi- 
tation and erratic system performance. This test determines the 
potential for this condition. 
Fluid Loss Another condition that quick disconnects may en- 
counter due to design variations is fluid loss during connection 
or disconnection. This is usually encountered when volume from 
the check valve of either half is displaced momentarily either 
allowing fluid under pressure to escape. or by displacement of the 
check poppet itself. 
Vibration Because this connector is frequently used. it is more 
subject to potential conditions that affect its overall life. in svs- 
tems with high degrees of vibration present. overall life can be af- 
i i nnectors mechanical integrity 
usually applied at vibration levels which simulate actual field con- 
ditions. 
Hydraulic Shock or Surge Flow this condition is simulated to 
test resistance to short duration. pressure. or flow peaks such as 
seen when a cylinder bottoms out. 
Standard Operating Tests these tests are consolidated under 
this heading because they applv to the overall operating limits of a 
quick disconnectand have been discussed previously-T hese tests 
include maximum and minimum pressures. maximum and mini- 
mum temperatures. maximum flow, pressure drop: internal and 
external leakage. burst pressure, proof pressure, maximum vac- 
uum, and structural integrity. 
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304 COMPONENT/SYSTEM ACCURACY 


4.1.4 Best Fit through Zero 


Best fit through zero defines the maximum deviations expected in 
a nonlinear output device. This includes the effects of nonlinearity, 
hysteresis, and nonrepeatibility. 


4.1.5 Combined Error 


Combined error is the maximum deviation expected from more 
than one error-causing effect. Some transducers are rated in this 
manner to provide an easy method of predicting maximum error. 


4.1.6 Compensation 


Compensation defines a method used to correct for an error-caus- 
ing effect. Generally. a transducer can be mechanically designed to 
negate certain effects, or the electronics can allow correction for po- 
tential error. A transducer rating will normally describe a range that 
will be corrected automatically. Outside of this range. the error- 
causing effects will reduce accuracy. 


4.1.7 Creep 


Creep is the change of transducer output over a period of time 
with all external and internal conditions remaining constant. 


4.1.8 Creep Recovery 


Creep recovery is the time it takes for a transducer to return to its 
initial no load output after all loads have been removed. This term 
is usually expressed as a percentage of rated output. 


4.1.9 Drift 


A change in transducer output with no change in load is called 
drift. Drift can apply to any characteristic. A common example is 
pressure transducer zero drift. When power is applied to a trans- 
ducer at no load. you will read one output value. After 5 or 10 min. 
still at no load. you will read a different output. (Not all pressure 
transducers drift: however, this is one area where the problem is 
common.) 
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4.1.10 Frequency Response 


Frequency response is the range of frequencies that a transducer 
will follow the sinusoidally varying mechanical input within the 
specified limits. 


4.1.11 Full-Scale Output 


An instrument with a rating that reads percentage of full scale 
^utput will provide the same accuracy as the flowmeter described in 
Section 4.1.1, but only at the 100 gpm reading. At 100 gpm. the 
expected deviation would be = 1 gpm. but at 10 gpm, the deviation 
remains + 1 gpm. 

To calculate the actual accuracy of a full-scale-accuracy instru- 
ment, you must first determine the maximum output of the device. 
The percentage accuracy rating is now applied to this maximum 
value. The resultant value applies to any point within the full range 
of the instrument. This is a common error found when a transducer 
is selected for a high-accuracy application. It is often assumed that 
+ 1% means + 1% of reading. when in fact the error is much greater 
at lower output. 


4.1.12 Hysteresis 


Hysteresis is the difference in transducer output between reading 
the same value when coming up to the value or going down to the 
measured value (i.e., increasing load reading versus decreasing load 
reading). 


4.1.13 Nonlinearity 


The curves previously shown depict a straight line curve from zero 
to full output. As an example. say a pressure transducer with a 
range of 0—100 psi had an output of 0—10 Vdc. At 10 psi, the output 
would be 1 Vdc. at 50 psi, output would be 5 Vdc. and so on. 

Some outputs are not as linear as the curves depicted. These out- 
puts are noted as nonlinear (not a straight line) outputs. In particu- 
lar. thermocouples and flowmeters have nonlinear outputs. Usually 
electronic signal conditioners correct this output to increase accu- 
racy. 


4.1.14 Output (Sensitivity) Tolerance 


A transducer also has a tolerance on full rated output sensitivity. 
This is defined as a tolerance of plus or minus of a measured point. 
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THERMAL EFFECTS (75* F. REFERENCE) 








Fig. 4.3. Thermal 


m $ 201 77 7 177 7. effect curve. 
+30 +40 +50 +80 *70-80-90-100410-4204130 ^" 7 (Courtesy Barksdale 
DEGREES FAHRENHEIT AMBIENT (COMPENSATED RANGE) Controls.) 


4.1.19 Thermal Effects 


A transducer's output can be affected by a change in ambient tem- 
perature. This change affects both zero balance and sensitivity. 
Thermal effects are expressed as percentage change of fuli scale out- 
put per degree Fahrenheit ambient change. Figure 4.3 depicts how 
these percentages relate to the total compensated range. In this case 
the transducer was calibrated at 75°F. If the ambient temperature 
was at 75°F. the effect on accuracy due to ambient temperature 
would be zero. 





4.1.20 Thermal Sensitivity Effect 


A change in output voltage at full output of the transducer also 
occurs due to temperature change. This effect is illustrated in Fig- 
ure 4.4. Again. this effect is expressed as percentage of actual read- 
ing. Therefore. the amount of deviation increases at the higher out- 
put range. while actual percentage of output remains constant. In 
other words-at the lower end of the output scale. the deviation is 
less significant. 


4.1.21 Thermal Zero Effect 


— — . Figure 4.5 illustrates the effect caused on zero output with a 


change in ambient temperature. This effect is rated at a plus or mi- 
nus percentage of output. The curve represents the anticipated devi- 
ation of zero output voltage and output line at 75°F. 
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THERMAL SENSITIVITY EFFECT 
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Fig. 4.4. Thermal sen- 
sitivity curve. (Cour- SER TC MEU ENE cdi Et 
tesy Barksdale Con- 0 [>> E AA — 
trols.] PRESSURE % FULL SCALE 


4.1.22 Zero Balance 


Zero balance is a term used to define a transducer output at zero 
output. A perfect situation is represented as a dotted line in Fig. 4.6 
The solid lines represent a plus or minus tolerance. in this case the 
tolerance is represented as + 2.5% of full scale output. The area be- 
tween the lines is the actual potential output deviation through the 
full range of the transducer that would be acceptable under the spec- 
ified zero balance tolerance. Therefore. any-outside effect that shifts 
zero balance from the "perfect situation" would cause the deviation 


THERMAL ZERO EFFECT 
Wego er col di MUN . 
Joe LLL ILL e--OUTBUILINE 
ism fol. at betes Lë FROM FIGURE tt _ 


aoe cei Tec 








OUTPUT % FULL SCALE 


Fig. 4.5. Thermal zero 
effect curve. (Cour- 
tesy Barksdale Con- 
trols.) 
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FLOW (GPM) 





Fig. 4.8. Point by point cali- 
FREQUENCY (HZ) bration curve, 


incorporates multiple points along the curve with a straight line 
connecting each point (Fig. 4.8). The electronics sense actual fre- 
quency, then convert this frequency either digitally or using digital 
and analog conversion to produce a corrected value. 

Flowmeter systems of this type are-fairly-expensive, and. in many 
cases. the best accuracy Possible is not always financially practical. 
One method used to overcome the linearization cost is to use a “best 
fit straight line curve.” In this instance the nonlinear curve is inter- 
sected bya straight line (F ig. 4.9) that best follows the eurve. Áccu- 
racy variation is then the distance between the straight line and the 
part of the curve that is farthest from the straight line. This holds 
true. of course. with meter calibration at a specific viscosity and 
with measurement at the exact same viscosity. 

Well. now that we have calibrated our meter at one Specific viscos- 
ity, what happens when temeprature changes? Temperature, of 
course, affects viscosity. You can easily determine the fluid viscosity 
change by looking at data provided by oil manufacturers or in a 
number of hydraulic reference books. Once calibration is accom- 
plished at one viscosity point. the meter can again be calibrated at 
several other viscosities that relate to the fluid characteristic. These 
data can then be fed into the signal-conditioning electronics. which 
also sense actual fluid temperature with an RTD or thermocouple. 
The curve is then corrected not only for flow rate versus frequency 
variation, but also for temperature variation. The combination of 
these two techniques produce high accuracy (+ 1⁄4% of reading accu- 
racy) flowmeter systems that are unaffected by temperature varia- 
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Fig. 4.9. Best fit Straight line 
curve. 


FLOW (GPM) 





FREQUENCY (HZ) 


tions. This accuracy is typically sufficient for even the most de- 
manding fluid-power test conditions. 

Now for the bad news. Viscosity is also affected by pressure varia- 
tions. This effect, not known by many a few yearsago.can be more _ 
severe than temperature. This problem can make the high-accuracy 
systems just discussed highly inaccurate. I presented a paper out- 
lining this problem at the 1984 National Conference on Fluid Power. 

It was -published in the conference proceedings and | again offer-a 
reprint for your review of this problem. 


PRESSURE EFFECT ON OIL VISCOSITY 
AND THE EXTREME INACCURACIES 
OF FLOWMETER READINGS 
CAUSED BY THIS EFFECT 


Abstract 


A problem exists in the application of any viscosity-sensitive 


flowmeter when testing 


components or systems under varying 


pressure conditions. Many flowmeter manufacturers who boast 
14% of reading accuracies of their equipment have admitted to 4— 
25% error in a system that varies from 0-5800 psi. A letter of 
mine published in the November 1982 issue of Hydraulics & 
Pneumatics produced information from top technical authorities 
in our field that was not consistent nor conclusive in the answer 
to my questions. Since that time. I have conducted a "search for 


the answer" only to find 


that our industry does not have the in- 


'enssi 2961 


J9QUIZAON 201 Ul pa1eadde 193391 AW moy s! SutAoljoj au] "uum 
-[O2 [el103Ipa əy) ut eula[rp Aw usuqnd o} paarse Aay, 'eutzegeu 
sonbumaug Y SINNDIPÁY JO SIOJ1P3 Iy} 01 19139] € JUƏS | OS "UI Jas 
o) ue8aq uorsnjuo5 uoreurijui Surpasald ay) JUMA 191JV 

. SUIZIS PUB soueuriojJad 1313W 


Əuiqimj jo uonoipəaid ay] Ul ajqenyea SI UOJJBULIOJUL ƏA0Q> IL.. 


000'9 
000'S 
000"t 
000'€ 
000% 
000'1 

0 


áq 4dnmy Bsd n) sayoisnueg 


= — — — = cJ Cl 


NANON 
Q 0100-00 


‘spiny 3nau)u4s o] Ajdde jou op 
pue Ajuo spiny 3səu) o? Ajdde s10128] SuLMOTIO] 201 'sasea1oui ains 
-said se ÁJISOISIA ui a8ueuo spiny oineapÁu pue spo Supeanani 
S/UESJO Jey) paws ajdoad 3S9Y | :20n12Dfnuo y 4219J4 awqn] 

_ Wayqosd 


jeu) 1noqe pje3u Jaa43u am. :9 PUD ^C "+ + SAIUDdWOD no 





ETIE 008€ 64'8t 000°S 
DOC 69°46 CG 00S°% 
¿8'91 9U0T Oé - 0 


[as10dNUI)) ÁJISOISIA (1sd) ərnssəiq 





4.081 4.081 JOTT 


¿SEM SHO 34 JO 2uo JO 9ns1191981Ieuo v Ce Auvdwoy no 


00€'8 000 01 
DOG 000°S 
OOT'T 0 


(NSS) ÁxsoostA — (15d) əmssə:d 


:P3]83S SO NIY 
JO suo sujuJa9uoy pey Ady? J10d31 au( "og Áq ÁJISUIP aseaJoul 
II 18d 900'OT Saleis Jey} „Hodəy ÁJISOISIA "SA 2Jnss2Jg., papnuoe 
Jeded JWSY £661 ? psoua13ja1 ajdoad asauy za fiupnduio2 no 


STE LNINIUNSVIN MOTA Z° P 


————nrVY M — M— —— — 





68'S G9'G DG cet 000°ST 
Olt SOt 18€ GR? 000'0T 
Occ PIS POC £6'I 000°S 
8SSr0 S8brO Zeto Ett oO 0001 
TEO SO ZIZO 8070 006 
081 OFT 001 09 (isd) a4mssa1q 





[4.) Əmaerədunə 





91nssaig 1opun SHO jo uorjonpoy ISPIUIDIDE 


`OP6I ABW ‘soIshyg 

panddv fo )oumop "2014 pue oq .'91nssaJg YSIH Ie spo Sunes 

-11qn7 jo sanJadoJg [e31SAud auios jo uoneinduio?., saded ay] uo 

Paseq spo JO 10120] AJI[IqiSsaJdui02 aun se sagnssaJd SULAIBA Um 
Walgoid A[uo əy) vey) paleis ajdoad asau] :[z ñuvdwo) no 

'Aueduioo uoea 

je jauuosiad ijoddns [eoiuuo21 WOd} DƏA193931J sem UOIIRUIJOJUI 

8u1AOJ[0] IYL *p212e3U02 212A J21n12e]nueui J333UlAO0|] Y pu? satu 
-eduio5 [10 [&19485 "uia|qoud e jo 332u31SIX3 31 AJLIEJ2 01 19pJo ul] 

uUONeÍNSIAD] Tenruj 


UEa amb Ayjea Spa auo ON ¿ÁJRINMDIR 
HEI9AO 01 Op Siul pinos Tu ‘Sur isd 0009-0 ay? ui aay 
AU UIP) aq ppoa supear moj) ‘aut; ainssaid ay) Ul pajeis 
“Ul 318A JO1IWAO]) 2t) JJ ‘ainssaid SnsJaa4 Moy 10] paisa) Ged 
-gd ainssaid wnwixew isd 0009 e uitis dund uoisid v əuigeuuj 
"1640250 Jey? amb aq 10U ACW sJ3ə)əuutwol]  ADRINIIP-YBIY.. Dame? 
“OS (tA pƏJuəuunoop SINSIJ 159] Au? Jey) paus2uoo aitnb asam Agu) 
'981n05 JO “ainssaid ui sopuetjo 01 INP ssurpeai 13JƏU1AO]J u! 10113 
JO aaisap € Sem 3134) IEY) 121n129]nueui 133aulMo[ e AQ p10) uəəq 
Apus221 peu Aa) 'sdumd o1mespiy Jo Jamnjoejnuew e SunisiA 
au JSW AQ paused] 1SJ1] SEM 123j]a AJISODSIA—2INSSIIO EM 
‘(Wa}goid siu JO aee asja ƏuoAue se [19m Sp) 
sivas OA) ISed ay} 1240 J[2sAU1 Aq padualsadxa ABUISID JO 2a18ap ay} 
Sais ACW 13pJO [C0IGO]OUOJQ2 Ul 20343 əsəu) Sun[2j “UMOUN 
113/901d siy) ayew oi Ajuo si asodind Aw asnedaq ÁApduns uon 
-eJuasaJd peoruuaa1 e uey) K101s E 3x1] 210W peas Ae Jaded SIUL 
uononponu] 


"99U31SIX3 ui MOU uonejusumnusui pajrur] IUIN JYI YM suonni 
-os AW 13jjo pue ‘padojdwa Suiaq Apuun suonenbo pue S31103Y] 
SUNSIX2 əy) 3BUA[[PYY `usəlqoid sy) jo areme Ánsnpul ay] ayew 
01 Jaded siu? Sunjruiqns ul feos Aw sr 3] ‘Walqoid Sit 0) uonnjos 
€ aABY äm OP JOU 'Ul3[qO.d sri 1931109 0) AJessa2au uonejuaurmnans 


AOVHuünOOV HNILSAS/LNINOdHOD PIE 





316 COMPONENT/SYSTEM ACCURACY 


Hydraulic Flow Measurement 

Our company has manufactured hydraulic test stands and 
power systems for the industrial and military aerospace market- 
place since 1964. We produce equipment that is extremely accu- 
rate in the measurement and control of certain values . . . (which) 
can be pressure, flow, torque. speed, displacement, velocity. or 
any other imaginable engineering unit. . . . Therefore. we rely on 
the manufacturers of these sensing devices for accurate informa- 
tion regarding their equipment and their function within a 
system. 

It has been recently brought to my attention that a problem ex- 
ists in the relationship of oil viscosity vs. oil pressure. Turbine 
flowmeter systems have allowed the hydraulic industry to mea- 
sure flows to accuracies of +4% of reading. This is accomplished 
through special calibration based on the type of oil used (viscosity 
characteristics) at a specific temperature giving the unit a "best 
fit" straight line curve over the intended flow range. As we all... 
should know, any variations of oil temperature change the oil vis- 
cosity. thus resulting in erroneous or misleading flow readings 
... we have another problem. Pressure also changes oil viscosity. 
To what degree I have not been able to determine. but it may be 
substantial. 

We contacted several oil companies and (makers of) turbine 
flowmeters, posed our question. and received information that 
was either not consistant or pertinent to the question. 

What happens when pressure variations act upon temperature 
variations and the oil starts to break down? . 

T call on your respected readers to pool their knowledge of this 
subject, put aside their competitive secrecy and help this industry 
in its hour of need. 


Responses 

Several readers either phoned or sent letters detailing the infor- 
mation that they had obtained. Some information was duplicated. 
but for the most part, the information provided did not solve the 
problem, and there seemed to be some disagreement on the 
method of pressure—viscosity correction. 

It seems as though a commonly known equation can be used to 
calculate the change in viscosity due to pressure variations. This 
equation is 


U = upe” or u, = ue”? 
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u = viscosity at pressure p 
viscosity at atmospheric pressure 


mathematical constant of 2.718 


n $ 
"oon 


To 
lI 


pressure coefficient of viscosity 


pressure 


v 
II 


u absolute viscosity at pressure p 


p 


This would be a very useful equation if the pressure coefficient 
of viscosity (B) was known. but it varies based on the type of oil. 
the temperature of the oil. and so on. This coefficient is not sup- 
plied by oil manufacturers nor is it considered an error-causing 
factor by most in the application of flowmeters. Only through indi- 
vidual expermentation can this factor be determined. for the par- 
ticular oil to be used. 

Another equation used to predict the viscosity increase with 
pressure is 


A fluid that had an increase in viscosity-of about-2-25-at- 5000 
psi results in a value of c = 7x10 "/psi. Again this formula is 
used for approximation purposes only. 

Figure 4.10 depicts various pressure versus viscosity character- 
istics of different typical hydraulic oils (temperature = 100°F, vis- 
cosities in centipoise. pressures in psi). 

For further evaluation of the pressure effect the viscosity char- 
acteristics of Gulf Harmon 78EP 2190 TEP oil were used. Figure 
4.11 depicts this oil's particular characteristics. 

Some other interesting points to consider: 


1. Viscosity increases with increasing pressure, th” rate of 
- increase being greater the lower the temperature. 

2. Variation of viscosity with pressure is greatly influenced 
by the chemical composition of the fluid. Petroleum and 
castor oil base fluids generally show an appreciable in- 
crease in viscosity with pressure while water base fluids 
show small changes. 

3. The differences between a California oil and a Pennsylva- 
nia oil with the same viscosity at atmospheric pressure 
can be significant. For example. several sources indicate 
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KINEMATIC VISCOSITY (CENTISTOKES) 


Fig. 4.13. Viscosity characteristics (temperature change). 


The Effect on Flowmeters 

Before continuing. it is important to understand how viscosity 
affects a turbine flowmeter's performance. This performance var- 
ies based on the individual flowmeter itself and on the flow ranges 
passed through anv particular size meter. At lower viscosities. 
laminar flow is usually present arid because of this, the rotor and 
other critical surfaces have a low drag coefficient. As viscosity is 
increased, however. the oil may become turbulent, greatly increas- 
ing drag. This increased drag will reduce the number of pulses 
from the flowmeter at the same flow rate. These pulses are con- 
verted to read actual flow based on the number of pulses per gallon 
of flow. 

It was estimated by a flowmeter manufacturer that a meter cali- 
brated at 10.0 gpm at 69.1 centipoise would read approximately 
7—7.5 gpm at 167.2 centipoise. If that same flowmeter were cali- 
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VISCOSITY (CENTISTOKES) 


TEMPERATURE (DEGREES FARENHEJT) 








PRESSURE (PSIG) 
Fig. 4.14. Viscosity characteristics (pressure change). 


brated at 10.0 gpm at 167.2 centipoise. it would read approxi- 
mately 13 gpm at 69.1 centipoise. This is an incredible change in 
the flow reading of an oil which is at a constant temperature. Now 
consider what readings would be seen with the additive effect of 
temperature upon the oil during these pressure variation: of O to 
5801.6 psi. 

Two other sources estimated that the error in reading would be 
approximately 4—8% depending on the size of the turbine block 
and where the reading was taken along the actual range of that 
particular meter. 

It is also important to note at this point that this problem not 
only applies to turbine flowmeters. but any flowmeter which 
works on the principle of pressure drop such as a variable-area 
glass tube rotameter or a differential pressure measurement de- 
vice across a fixed orifice. 
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Fig. 4.16. Flowmeter with vis- 
cosity compensation: 

(a) viscosity sensor, 

(b) flow turbine, 

(c) signal conditioner, 

(d) summation module, 

(e) digital indicator. 





tion modules and not require any pressure coefficient pro- 
gramming. (See Fig. 4.16). In addition, this device would 
not require periodic viscosity testing of your oil. This test- 
ing would be required to maintain calibration.of your flow- 
meter in the event of permanent viscosity changes caused 
by oil breakdown. etc. 


It is my hope that in compiling these facts, that someone in the 
instrumentation or hydraulic fluid industry will initiate a pro- 
gram to provide our industry with either the proper instrumenta- 
tion of fluid characteristics when the pressure—viscosity effect is 
present. As has been pointed out. there is not total agreement on 
the methods of solving this problem or even the awareness of this 
problem's existence. 
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The problem just described is applicable to any viscosity-sensitive 
meter. Rotameters and other common fluid power meters re all 
subject to inaccuracy caused by viscosity swing. 

One problem many meters also have is slow response. This is an- 
other area where flowmeters are frequently misapplied. Turbine 
flowmeters. in particular. require up to several seconds for updated 
information. Test systems that do not allow sufficient time for re- 
Sponse are acquiring incorrect test results. A system using a turbine 
flowmeter must be allowed to stabilize prior to data collection. 

Turbine meters have their own individual characteristics based 
on size, flow rate. and manufacturing tolerances. Often catalog data 
define turbine block response around 50 msec dependent on the 
meter design and the svstem itself. The System varies due to loaded 
or unloaded conditions. where the compressibility of fluid affects 
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Back Pressure Control prevents 
Cavitation that can occur wilh 
"light" liuids. It is adjusted trom 
the (ront panel and it 
auldmatically maintains the 
desired set-point, 


Welgh Tank has stainless sirel 
construction wilh overflow 


capacily to reservoir at 
maximum flow rate 


Vapor Seals on both ends of the 
weighing chamber, prevent 
significan vapor loss, Seals are 
liquid, will never wear out, 


Dump Valve is unique design, 
permitting the weigh tank to 
emply in 25 seconds or less al 
maximum flow rate, without need 
for reducing flow It is specially 
designed for leak-proof operation 


Reservolr is stalnless steel 
internally ballled, and selt- 
draining (this is important when 
changing fluids) 


Viewing Port allows the operator 
to examine the reservoir or the 
dump valve at any time before or 
during Ihe weighing cycle 
Permils immediate spalling of 
dump valve seal leaks 


Fig. 4.19. Hydraulic schematic of calibration system. 


Reservoir Fill, There are two 
methods of filling the rese{vour 
One is through the manua salely 
fill, and the other is through an 
external pressure lili connection 





Centrifugal Pump is corrosion 
resistant Precision balanced, it 
provides a constant llow rate with 
a minimum of pulsalions 


Yoaur urojsÁs ay} "et "pig au} 


d spoujaur 11013931109 pue sarue 
ut seg pəurenuə pue aouomquni Ul9]SÁS TI 


AR] 


M SY 10113 0] 31nqrruoo 


1 
AUY 1831 Əy} JO SUY JO 1163s ay} je 10.119 JAPPE 


UB 3182919 [[L JuTOd sty} ye 10114 21 00] 1 
1 1843 os əstSəid aq 1snur uorenjoe nwy 


O Á[IB3 00} 3.18]s Jou səop 


[ILA SAB] LUIDISÁS 


p 


311 ']X9N `əsuodsə: MOS 

q 1snui ula]sás ə[eos 

*juejsuoo aonpoid oj paugisap 

MOY P3[[OJUO9 ISI 'uoneiqITe2 10} 


118 0j Japio ut Áoeunooe aura1)xa ə1mb 
E UL-SE9Ie snoraqo [E1949S 318-3131]. 


A9B.INIIB I9]3UI 9UIULI9]9D 0} MOT] P9ZIEJO] 10 3je1 


A9e.MIJE [e1340 0} [euorni1iodoud Apoanp st uoreraa 


'A10JEpUEUI SI 9381 Moy Apeais 
‘AIOJEPUeUI si 39721 


0} ənp 10113 asned Jou 0] ugnouo aatsuodsa ə 


ay} 'puoosg ` 
paimbas ALINI JUI 1? A1 
-31 184] 3d.Q em jo waisks 


Kuy 


Ul2)SÁS y 


Flow Control Station employs 
unique valves designed 
specifically by Cox flow 
spectahsis lo achieve the precise 
How so critical lo high accuracy 
calibration 


Heat Exchanger is waler-led and 
controls the calibration fluid 
lemperalure to within +1°F 


Filler prevents contaminants from 
affecting the flowmeter on test, 

or from building up in the 
reservoir and also serves lo 
reduce turbulence in the 

fluid flow. 


(Courtesy AMETEK, Inc., Cox Instruments.) 
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332 COMPONENT/SYSTEM ACCURACY 


The important thing to remember is that pressure does affect vis- 
cosity. When any component or instrument is viscosity sensitive, a 
relationship of pressure and viscosity of the oil used should be 
known. In particular. this effect can cause extreme inaccuracy in 
flowmeter readings. A detailed description of this effect is in Section 
4.2.1. "Flow Measurement Accuracy. " 


4.3.2 Pressure Calibration 


Frequent calibration of pressure instrumentation is recom- 
mended. There are many factors that cause drift, permanent distor- 
tion, and fatigue of internal mechanical components of the instru- 
ment. The following details some common methods used for 
pressure calibration. 


DEADWEIGHT TESTERS 


There are several methods used to calibrate pressure instrumen- 
tation, the most common method being the deadweight system. A 
typical deadweight tester is shown in Fig. 4.20. A series of weights 
are placed on a piston mechanism to generate a pressure. which is 
proportional to weight. The ratio of weight to pressure is based on 
the area of the deadweight piston-and-is expressed-as 


F 


DT 


`D 
li 


pressure (psia) 
F = force (pounds) 
A = piston area (in.?) 


Weights of various calibrated divisions are placed on the pressure- 
producing piston. The pressure instrument is attached to the tes 
media side where pressure is produced by the weight. The test me- 
dium is generally air. oil, or water. The pressure instrument is then 
subjected to several pressures throughout its range to verify that the 
device is accurate at all points. If a transducer or gage were onlv 
tested at one point. the calibration is often worthless because any 
nonlinearity of the device would not be detected. 

The accuracy of the deadweight tester is usually sufficient for anv 
type of fluid power testing. Published accuracies exceed +0.0025% 
of reading at lower ranges and +0.005% at higher pressure ranges. 


4.3 PRESSURE MEASUREMENT 333 


Fig. 4.20. Deadweight tester. 
(Courtesy DH Instruments, Inc.) 





There are three main areas that cause a deadweight tester to de- 
grade in accuracy: 


1. Piston Binding—A deadweighttesteris designed so that the 
pressure-producing piston does not contribute inaccuracy 
due to friction. The piston is lubricated to eliminate friction 
and the deadweight tester is generally leveled to maintain 
the piston in a true vertical condition. Often, the piston is 
rotated constantly by a motor or by hand to further eliminate 
error-causing effects. 

2. Change in Weight—Since pressure is directly proportional 
to weight, the weights should be subjected to calibration. If 
a weight is scratched or nicked, this affects overall accuracy. 

3. Change in Piston Area—If a deadweight tester is used fre- 
quently, wear on the piston could cause a cha -ge in piston 
area. This change is again proportional to pressure-change. 


Deadweight testers are calibrated to standards traceable to the 
NIST. They usually have valving for ease of operation and piston- 
location indicators to signal the tester when the piston must be re- 
stroked. 

Taking the basic deadweight tester another step. the fully auto- 
matic primary pressure standard (Fig. 4.21) uses the same basic 
principle with computer control. This system allows easy weight 
changeover and communication with remote devices for automated 
pressure calibration. 
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tor on an air/oil heat exchanger. If these cooling systems are sized 
properly, you can usually expect a control of + 10°F. 

Another common method is the use of a modulating water valve 
to control water flow through a water/oil heat exchanger. This valve 
senses temperature with a remote bulb and meters water at a rate 
proportional to the difference between sensed temperature and set 
temperature. The finer control offered with this type of svstem offers 
temperature control of * 5*F or better if the system is sized properly. 

Electronic temperature controllers are available for exact tempera- 
ture control. These devices can be programmed for a Specific correc- 
tion of temperature cycles. If a recurring temperature change is 
known, the controller can follow and proportionately control a water 
solenoid valve or air/oil heat exchanger motor. maintaining excellent 
accuracy. The designation for a controller with this capability is 
generally defined as a PID controller. (See Chapter 2 under tempera- 
ture controllers for more details on this controller.) 

System heating is generally accomplished with immersion heat- 
ers, circulation heaters, or steam/oil heat exchangers. Again, these 
devices are controlled as described previously. In systems where 
both heating and cooling is required. it is necessary to use a control- 
ler that has dual set-point control. The use of two separate control- 
lers often produces a-svstem with heating-and cooling crossover. 
This sometimes creates a situation where the heating and cooling 
devices are on at the same time. Also, too large a gap may be experi- 
enced between the two set points. Both cases decrease the accuracy 
of temperature control. ` 

Fluid temperature should be maintained within set tolerances to 
maintain accuracy. When a test system is designed, sufficient ca- 
pacity should be allowed for worst case conditions. Cooling water 
(water/oil systems) or ambient air (air/oil systems) should be pro- 
vided at least 10-20°F cooler than the fluid temperature desired. 
Lesser differential temperatures could involve extremely large cool- 
ers or require the use of refrigeration systems. In extremely cold 
tests where a high degree of heat is input into the system. liquid 
nitrogen or a similar medium is used for cooling. 


4.4.1 Temperature Accuracy 


Since most equipment is now being monitored with thermocouple 
systems for accuracy tests. this section will deal only with the poten- 
tial problem areas associated with thermocouples. 

Thermocouples are manufactured to the standards of the NIST 
and each type has tolerances for their specific temperature ranges. 
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(See Chapter 2. Thermocouples.) These standards are based on the 
fact that the materials used in the manufacture are pure and no 
contamination is present. This problem does surface at times. In 
addition to impurities, a thermocouple that has oxidized will also 
deviate from the standards. 

A thermocouple that has been subjected to extreme temperature, 
even for a short time. can deviate significantly from prescribed toler- 
ances. If a thermocouple has been exposed to these extremes, cali- 
bration would be conducted before starting other tests. 

Another common problem occurs with additive resistance from 
thermocouple wire. Additional resistance can reduce the millivolt 
output of the thermocouple, providing a lower temperature reading. 
The resistance of this wire should be reviewed prior to use so that 
a correction factor can be applied. In all cases use the wire recom- 
mended by the manufacturer. 

Thermocouple sensitivity can affect a reading. This problem var- 
ies based on the thermocouple type. For example. an S type thermo- 
couple has an average sensitivity of 7 uV/F. while a J type is 30-32 
V/F. If very small changes in temperature are being monitored. the 
proper thermocouple type should be selected. 

Thermocouple output is not linear. The millivolt signal increases 
with increased temperature. but not in a straight line. Therefore. a 
direct conversion of millivolts to temperature is not possible. Linear- 
ization is required to compensate for the variation. Along with lin- 
earization comes conformity error. Multiple points along the output 
curve are memorized digitally and the curve is duplicated some- 
what. However, only a certain amount of stored points are practical. 
So between points, actual output and translated output will deviate. 
This deviation is called conformity error. 


4.4.2 Temperature Calibration 


Temperature. calibration techniques depend on the instrument 
type and accuracy desired. One method involves comparing the in- 
strument to a parallel instrument. while another requires the test 
instrument to be adjusted to a traced standard. 


CALIBRATION BATHS 


These devices are used to provide a source of controlled tempera- 
ture (Fig. 4.23). The bulb of a thermometer or a thermocouple can 
be inserted into the bath and allowed to stabilize. and then can be 
monitored for temperature reading variation between the instru- 
ment and bath readout. One process is called fluidization where low- 
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4.5 Torque/Force Measurement 


Force measurement defines cylinder output, torque output of a 
motor, horsepower requirement of a pump, as well as efficiency of 
any force-generating component. Fortunately, calibration of such 
instruments is relatively easy if proper instrumentation is used. 
However. application of the transducer and mounting considera- 
tions can cause unexpected error if all factors of accuracy are not 
reviewed. The following outlines the major topics of concern in their 
application. 


4.5.1 Force Measurement Accuracy 


Linear and rotary force instrumentation each have similar and 
different operating characteristics that must be considered when 
high-accuracy testing is required. In addition, variations between 
dynamic and static test conditions should also be analyzed. 

Dynamic response is a factor when measuring fast-response 
torque or force variations in relationship to other variables. For ex- 
ample. if an engine were tested for output torque, a slow-response 
system would provide an accurate average output torque. If the ac- 
tual torque curve were required to depict the output force of each 
piston acting on the erankshaft-we-have-a different situation—If the 
true relationship between piston position and output torque were 
required, then the torque system would have to provide instanta- 
neous output to accomplish this. Torque transducers. however, 
have two factors that can affect this situation. The first factor is the 
response of the strain gage network, and the second factor is the 
transducer structure itself. The actual effect created by the type of 
input should be reviewed along with data supplied by the trans- 
ducer manufacturer. Changes in speed, acceleration, and any time- 
related function should also be reviewed. 

Natural frequency of the transducer also plays an important factor 
in some applications. When an external force is applied to a struc- 
ture, the resultant counterforce creates a natural oscillation within 
the structure that is called the natural frequency. This is normal. 
and all structures including force transducers. react in this fashion 
when a load is applied. When the force is stopped. the structure will 
decrease in oscillation until it comes to rest. During some test con- 
ditions, the force measured may generate a frequency close to the 
natural frequency of the instrument. In this case. resonance occurs. 
providing erratic test data. Equations exist to approximate frequen- 
cies for certain applications. and the transducer manufacturer 
should be contacted if this effect is present. 
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Windage is an effect caused by a rotating transducer opposing the 
frictional forces of the ambient air. As speed increases, so does fric- 
tion. 

Bearing “friction of the transducer and associated fixturing can 
also add frictional torque that does not relate to the force being mea- 
sured, which can sometimes be negated during calibration of the 
instrument at no load. 

Brush friction can be an error factor when using brush-type 
transducers. Proper installation and calibration can also negate this 
effect. 

Locked-in torque is a frictional effect caused by improper align- 
ment between the transducer and the shaft to which it is coupled. 

Bearing temperature is another factor to be considered when con- 
ducting tests for long periods of time. Although this may not affect 
test data initially, eventual catastrophic failure may result causing 
unsafe conditions. 

Other stress-related functions such as fatigue loading. dynamic 
or impact loading, and stress concentration should be reviewed in 
applications that apply greater shock load values than the trans- 
ducer is designed to accommodate. These factors can greatly reduce 
transducer life and affect accuracy. Again, the transducer manufac- 
turer should be consulted if these problems are suspected. 

The critical speed of a rotary torque instrument should be ana- 
lvzed: this speed is a result of a combination of several factors in- 
cluding actual rpm. load conditions. and transducer support. The 
basie factor is the relationship of rpm to the natural circular fre- 
quency of transverse vibration. With the transducer shafts sup- 
ported at each end. the center section is pulled down by gravity. It 
is this force that causes this problem. The mechanical design of the 
instrument can cause the supported section to oscillate owing to 
these factors. Most rotary transducers. when operated within their 
normal specified limits, will not approach critical speed. However. 
when they are modified for high-speed service. this effect is*most 
prevalent. 

One of the most important factors to be considered when applying 
torque transducers is the mechanical mounting in relationship to 
the load and the method of attachment. Proper fixturing design 
should provide concentric and parallel connections to the rotating 
load. In addition. the types of flexible coupling and mounting of 
components is essential if long life and accurate data are desired. 
Figures 4.26, best installations. 4.27. acceptable installations, and 
4.28, incorrect installations. depict the "dos and don't's" of trans- 
ducer mounting. 
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344 COMPONENT/SYSTEM ACCURACY 


4.5.2. Force Instrument Calibration 


Both rotary and linear force transducers are calibrated by cali- 
brated weights traceable to the NIST. This isa relatively simple task 
as long as a few factors are considered. 

Transducer output is defined as millivolt per unit of scale. For ex- 
ample, a load cell with a full scale output of 5000 lbf and an output 
of 0-5 Vdc would thgoretically produce 1 Vdc at 1000 Ibf, 2 Vdc at 
2000 Ibf. and so on. Owing to manufacturing tolerances. each indi- 
vidual transducer has its own specific output. where 4.997 Vdc may 
represent 5000 lbf and 2.998 Vdc may represent 3000 lbf. 

During calibration exact weights are applied and the resultant 
output of the transducer at that point is recorded. This output must 
then be programmed into the signal-conditioning equipment to cor- 
rect for this deviation. 

Tension and compression load cells have forces applied by either 
calibrated weights or by special force-generation machines. The ma- 
chines incorporate specially calibrated load cells used as the refer- 
ence standard. These reference load cells must be frequently cali- 
brated to NIST standards for verification. 

Rotary force transducers are calibrated in a similar fashion. Ei- 
ther deadweight test equipment or rotary-dynamometers are-used 
to produce a controllable loading force. Deadweight testers generally 
include a balanced force beam to which calibrated weights are ap- 
plied. One end of the torque transducer is mechanically locked, 
while the other is attached to the center of the load beam. Special 
attention is paid so that the load forces do not transmit side loading 
to the transducer shaft. The load beam is leveled to a horizontal 
plane so that no angular error from cosine is produced. This en- 
sures that the calibrated load remains at the proper distance from 
transducer centerline under the influence of gravity. This test pro- 
vides calibrated information with the transducer in a static condi- 
tion only. 

Dynamic calibration is accomplished with the dynamometer 
setup (or similar load-producing system]. Again. the dynamometer 
includes a specially calibrated torque transducer used as a reference 
standard. 

In all cases of load transducer calibration, several points through- 
out the transducer range should be verified to uncover any deviation 
of linearity or change in output from previous calibration. 


4.6 Electrical/Electronic Measurement 


This section could easily be covered in a few volumes detailing ev- 
ery aspect of electronic accuracy and calibration methods. It is not 
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the intent of this book to delve into the theories of electronics. How- 
ever, there are a few areas of importance normally associated with 
fluid power testing. These areas are the related inaccuracies in data 
conversion. 


4.6.1 Electronic Accuracy 


Most instrumentation provides an output of + 5 Vdc, + 10 Vdc, 
4—20 mA, or BCD, which corresponds to measured signals from the 
transducer. These signals are typically used to drive data-collecting 
instruments such as plotters or recorders for hardcopy of the test 
results. In other sections we have discussed the combined accuracy 
factors of the instrument and its related signal conditioner. An in- 
creasing use of programmable controllers and computer Systems in- 
terfaced to these instruments requires a better understanding of 
electronics by fluid power test engineers. 

Analog information from the transducers must be converted into 
digital form within the analog input models of programmable con- 
trollers. while analog output modules musi convert digital back to 
analog for powering or driving analog-controlled devices such as ser- 
vovalves. flow controllers. or pressure converters. This process is 


called A to D or D to A conversion. 


The most important factor to consider when designing a test sys- 
tem using a programmable controller is to determine the resolution 
needed for the test versus resolution capability of the programmable 
controller. in order to explain this. Fig. 4.29 depicts an analog signal 
versus a digital signal. Rather than a smooth analog output, the 





ANALOG OUTPUT RAMP 





DIGITAL OUTPUT RAMP 
Fig. 4.29. Analog versus digital outnut 
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Fig. 4.30. Frequency generator 
and counter. (Courtesy Transma- 
tion, Inc.) 





Fig. 4.31. Voltage calibrator. 
(Courtesy Transmation, Inc.) 
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Fig. 4.32. Milliamp flow 
calibrator. (Courtesy Trans- 
mation, Inc.) 





is simple and accurate until actual transducer output characteris- 
tics change after initial use. 

There are many hand-held devices available to simulate trans- 
ducer output. Figure 4.30 depicts a frequency generator and 
counter that can be used to measure or calibrate flowmeters, ta- 
chometers, and any other device which works on a frequency princi- 
ple- Figure 4.31 depicts a voltage calibrator with readout to measure 
and generate voltage signals typically generated by instrumentation. 
This particular device can generate 0—9.999 Vdc output. Figure 
4.32 depicts a milliamp flow calibrator used to generate 0—22 mA 
output and measure signals in a range of * 99.99 mA. 


4.7 Particle Counter Accuracy 


As you probably have gathered during your term in the fluid power 
industry. or reviewing this book, the most attention focused on any 
single component is on the filter. Its filtration capacity. the rating 
methods, and the devices and svstems used to rate filters have been 
under scrutiny for years. Filtration is most important. and everyone 
wants to be assured that the filter they are using is performing ac- 
cording to their expectations. 

Because the particle counter is the main device used today in the 
performance evaluation of a filter. it too is under considerable scut- 
iny. Frequent articles are found concerning the calibration methods 
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range of particle sizes. Particle counting instruments describe the 
particle size by converting a pulse or voltage level to a particle size. 
If single size particles can produce a range of pulse levels, the in- 
strument resolution is degraded as pulse height variation in- 
creases. Since most particle size measurements must include 
both size and concentration within a size, cross channel sensitiv- 
ity or pulse height dispersion for a single size degrades the sizing 
and counting accuracy at any size. Specifications for sizing reso- 
lution are defined as the relative standard deviation of pulse 
height no more than plus or minus 20 percent at the smallest size 
range. and no more than plus or minus 5 percent at any of the 
size ranges. 

In addition to the instrument limitations, a number of system 
operating parameters exist that control accuracy. These parame- 
ters are related to the nature of the sample that is being mea- 
sured, to the operation of the instrument, and to personnel tech- 
nique. When the concentration of material in the sample 
decreases, the counting accuracy also decreases. In general Af par- 
ticles are distributed in a sample with a Gaussian distribution, 
the variance is normally equal to the Square root of the mean. 
Thus, if a sample taken from a larger population has a particle 
count of 100 particles. the variance is plus or minus 10 percent. 
If the sample has a particle count of 1.000 particles. the variance 
is plus or minus 3 percent. 

For most. particle counting instruments. the sample flow rate 
affects the response of the instrument because the bandwidth of. 
the system can affect the pulse height produced. If the sample flow 
rate is not uniform. then the pulse height varies inversely with 
flow rate. In addition. the coincidence errors for any instrument 
can affect the counting accuracy. If two or more particles are pres- 
ent within the sensing volume at any time, they are counted as 
one particle of somewhat larger size than either of the two that 
are present. If the concentration is incr_ased to the point where 
the pulse generation rate-exceeds the capability of the electronic 
system, then the particle counter is unable to count at the re- 
quired counting rate. 

If the sample container or sample handling systems produce ex- 
cessive debris or result in removal of particulate materials from 
the sample. errors are produced. Sizing error and instrument res- 
olution affect the counting accuracy as well as sizing accuracy. 

Another important parameter that controls counting and sizing 
accuracy is the state of the sample being analvzed. Samples 
should be well mixed with a reasonably uniform dispersion of par- 
ticulate material throughout the sample. This is especiallv impor- 
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tant in the situation where aliquots are measured. If the particu- 
late material is not well mixed throughout the sample, variability 
from one measurement to another will be excessive, and the stan- 
dard deviation of the measurements will be so high that the reli- 
ability of any of the measurements will be in doubt. If the concen- 
tration of particles is quite low. a relatively large sample must be 
measured to achieve a sufficiently large number of data points for 
good statistical reliability. On the basis that the variance in a 
Gaussian distribution of measurements is equal to the square 
root of the mean of the measurements, any measurement that 
contains less than 100 particles has a variance of plus or minus 
10 percent. At levels where 1.000 particles are measured. the vari- 
ance is reduced to plus or minus 3 percent. Thus, larger samples 
improve repeatability both within and between sample measure- 
ments. 

To maximize counting accuracy, several parameters mentioned 
in the preceding section must be controlled. A liquid volumetric 
sample feeding and measuring system with flow rate control is 
highly desirable. In addition. it is necessary that any particle 
count data be obtained after sample flow is started and before the 
sample flow is stopped. Otherwise, startup and shutdown varia- 
tions_in_the_flow rate will affect the-sizing-accuracy of the particle 
counter. 

For the most part, manufacturers indicate coincidence error 
limits at a maximum recommended concentration. The coinci- 
dence error is defined as a percent of the concentration at that 
level. For minimum sizing and counting error, it is recommended 
that the particle counter be operated at a concentration where the 
coincidence error is no more than 2 to 3 percent. 


4.7.3. Conclusions 


Every effort should be made to prevent the introduction of arti- 
facts in the fluid specimen. In addition. counting ins ruments 
should be properly calibrated and maintained. both optically and 
electronically. With these precautions and the use of standardized 
procedures. good data can be obtained when measurements of 
fluid contamination are made. 


4.7.4. Problem Areas 


In-line particle counters are subject to problem areas that can 
be avoided with batch counting. The first is interferences from 
the presence of immiscible mixtures in the hydraulic fluid. Either 
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been included as a reminder that viscosity's effect should be consid- 
ered at all times. In particular, flowmeters are especially sensitive to 
viscosity changes. as are pressure drop and response time tests. 


4.9 Component and Instrument (System) 
Interaction 


There are several terms used to describe the compounding inaccu- 
racies found in fluidpower test systems. Some terms are not that 
pleasant to hear. This area is probably one of the most important 
aspects of system design. The overall picture is sometimes over- 
looked, while a great deal of analysis is conducted on individual 
components or instruments. 

If you have been involved in fluidpower testing. you would proba- 
bly agree that very few tests are similar. Even though standards 
have been established in many areas, each product has its own set 
of peculiarities that separates it from the “norm.” It is because of 
this that some components are not properly tested. 

Probably the easiest way to describe this problem is to offer spe- 
cific examples. The examples described are based on actual systems 
designed for a specific test or set of tests. Keep in mind t at these 
three descriptions are only three out of thousands of potential test 
scenarios. Each test should be reviewed with the same degree of 


analysis. 





4.9.1 Accumulator Precharge Test Analysis 


A company made small accumulators rated at 5000 psi. A produc- 
tion test stand was required for a 10 in.? volume unit that had a 
fixed (nontamper) gas precharge. The test stand was to verifv pre- 
charge pressure and check for eternal and internal (bladder) leaks. 

An older test svstem being used verified precharge pressure by in- 
creasing air pressure to the accumulator while monitoring pressure 
rise versus time. The precharge required was 1100 + 35 psig. Their 
system was not consistent because of several reasons. First. imagine 
an accumulator with an 1100 psi precharge. As the unit is slowly 
filled. pressure increases. at a fairlv proportional time rate. How- 
ever. once system pressure reaches precharge pressure. the pres- 
sure versus time rate changes sharply. It is this point that they used 


to detect precharge pressure. 
Their problems included a microprocessor with 20 msec data 
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sampling rate, unsynchronized data sampling. and total system in- 
terface accumulation. These factors when evaluated. could produce 
20—60 msec actual response time for detecting that single-point-on 
the curve. The variation of 20-60 msec was also based on when the 
data gathering process began in relationship to the scan rate of the 
system. Therefore. the unpredictable sampling would be the main 
culprit in system repeatibility. 

The system could have been improved by changing to a synchro- 
nized data sampling system with faster data collection. In fact. a 3 
msec system was considered. but was not used. since another prob- 
lem may have surfaced—too high of a sensitivity. The system could 
have been buffed to slow down response if needed. but then you ap- 
proach the current problem and solve no problems. 

A completely different approach was considered, which offered ex- 
cellent repeatibility. A known volume of fluid was injected into the 
accumulator and the resultant pressure was measured. During the 
evaluation of this system. the chart depicted in Fig. 4.33 was devel- 
oped to clarify the proposed method. Again. the desired precharge 
pressure was 1100 + 34 psig. Therefore. resultant pressure values 
for 1065, 1100. and 1135 psig were calculated. In addition. each of 
the three pressure values were evaluated atan injected volumeof 1= 
9 in.? with a potential injected volume variation of + 0.05 in.? as a 
safety factor. Of course. it was important that the injected volume 
displace sufficient volume to overcome the precharge pressure. In- 
sufficient volume would produce a worthless test. 

An injected volume of 4 in.? seemed to be a good number to work 
with. Given the 1100 + 35 psig precharge. resultant pressure would 
be 1784.8—1901.5 psig with 1843.1 psig resultant pressure occur- 
ring if precharge were exactly 1100 psig. Even with variations in 
injected volume, the resultant pressures were not that big of a prob- 
lem. Using a leakproof, positive displacement injection piston, injec- 
tion volume was exact and repeatable. 

The moral of this example is that many test procedures can be 
changed to improve accuracy. Procedures developed a “long time 
ago” are often considered "the way things are done. no questions 
asked." If by resourceful thinking a new method is Suggested and it 
seems feasible, evaluate it. It may save time, money, and improve 
the-product. This situation occurred at an established firm. Many 
objected to the possibility of a new test procedure even before hear- 
ing the full description of the procedure. Once they had a chance to 
review the test and look at the reduced cost for this simpler method. 
it was not difficult to make a change in procedure. 
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"timed shot" calibration system. After reviewing this portion of the 
system and informing the industrial engineering group of the ab- 
sence of any accuracy whatsoever. they bought a machine from 
someone else. Someone who wouldn rattack their long-standing cal- 
ibration methods. 

Now for the moral. Do not neglect accuracy to save face. Most im- 
portant is a quality product. A quality product is only as good as the 
quality of manufacture and test. Admit error if a better product can 
be produced. 


4.9.3 Centrifugal Pump Test Analysis 


This analysis will outline the stack up of tolerances that occurred 
in a pump test stand. To further complicate the situation, the pump 
is a centrifugal design. The system is to perform a variety of tasks, 
but the main area we will look at is the relationship of output pres- 
Sure versus flow rate. 

Figure 4.34 depicts a typical pressure versus flow curve of a cen- 
trifugal pump. As vou can see, flow drops sharply with an increase 
in pressure. In order to define the output characteristics, a point on 
the curve must be evaluated. The question is, Do vou control flow 
to read pressure or control pressure to read flow? This pump is de- 
signed for water service and water is used as the test medium. Is 
the selection getting easier? 


PRESSURE (FT H20) 





Fig. 4.34. Centrifugal 
pump output curve. 


FLOW (GPM) 
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It was determined that pressure was the obvious choice for back- 
pressure control. An air-operated throttling valve was used to con- 
trol pressure with a Worst case regulation tolerance-of = 0: Ift H0. 
Although this is rather close regulation. it is important to realize 
what happens if desired pressure is not exact. 
The system is designed as a &o—no-go operation. and upper and 
lower limits are set for flowmeter deadband tolerance. In order to 
maintain accuracy, pressure regulation was important. otherwise 
the fixed flowmeter trip points would shift. For example. looking at 
the curve. imagine pressure regulated at 10 ft H,O and flow at 12 
gpm. If pressure drifts to 10.1, flow would decrease to about 11.9 
gpm. This shift of 0.1 ft HO pressure changes flow output. If a flow 
deadband of 11.9 to 12.1 gpm were desired as a "perfect situation.” 
then the shift in pressure would reject the test. Pressure is not mon- 
itored. while flow is the monitored value in determining if the pump 
is acceptable. (There are better ways to accomplish this, but owing 
to the fact that 16 test stations were required, the cost effectiveness 
of the system was important.) 
So starts the tolerance stack up. Now the flowmeter accuracy 
must be evaluated. The System used provided an accuracy of + 2% 
full scale with a flow range-of-5—20 gpm: This-accuracy'trarislates ro 
0.1 gpm. which now increases the inaccuracy of the system nearly 
twofold. 
Now the problem of sensing the flow output with external voltage 
sensing circuits occurs. The signal conditioner used with-the-tur- 
bine block provided a 0—5 Vdc unisolated analog output. A 0 V out- 
Put represented 5 gpm. while 5 Vdc was equivalent to 20 gpm. The 
zero and span of the unit allowed adjustment of the output, so that 
maximum resolution could be attained. However, because the out- 
put was unisolated. a tracking error of + og of reading could be 
possible in another "worst case" condition. This signal was fed into 
a voltage-sensing circuit, which was calibrated to detect the voltage 
equivalent of 11.8 gpm on the low end'and 12.3 gpm on the high 
end. The voltage-sensing circuit exhibited negligible error. but cali- 
bration could be off if the proper equipment was not used. 
For ease. we will neglect possible error factors due to improper 
calibration. zero drift, ambient compensation. etc.. and review the 
main error contributors: 
l. The pressure regulator = + 0.1 ft H,O at 10 ft H,O. which 
equals + 1%. 

2. The flowmeter = + %% full scale at 12 Epm. which equals 
+ 0.83%. 

3. Analog output tracking error = + 4% of reading. 


GERS 
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First year 5% warranty return for a $10.000.000/ycar company = $500,000 return 


3% Return 196 Return 1% Return 1% Return 


5% Return 








Warranty repair costs 





Repair Parts Cost 


g) (4160 hr/yr io 88.50 hr) 


Repair Overhead (16796) 
Total Cost for Repairs 


Repair Hours (5 yr av 


11,810 
28,882 
115,529 


11,810 
28,882 
115,529 


11,810 
28,882 
115.529 





57,764 


Yearly Cost Savings 














Cost Differential 


+54,940 


+60,157 


+ 8,578 +63,117 


.069 


3 


10 








Operation vs Reduced Warranty 


Fig. 5.1. Necessity purchase. 
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not currently conducted or to increase testing capacity. The initial 
purchase requires a test stand cost of $50,000 plus $6,500 for sup- 
port equipment such as fixturing adapters. hoses. and fittings, and 
an installation cost of $1.750. These fixed amounts are added to 
the regular cost of operation items such as yearly electric and water 
consumption. maintenance costs. and the cost of a full-time opera- 
tor. The first year will require a total investment of $103,069. with 
the next four years figured at cost of operation. 

This may seem like a great deal of money, but let us assume that 
the company has a total sales volume of $10,000,000. with a 5% 
rejection rate (warranty returns). This equals $500.000 of goods re- 
turned for rework. As a justification it was assumed that the first 
year would still be at 5% rejection, year 2 would be 3% rejection. 
and finally, each year thereafter, a 1% rejection would be average. 
Reviewing the cost of repair parts needed and the cost of a repair 
technician provides us with the total cost for repairs each vear. 
Yearly cost savings depicts the money saved each year from de- 
creased warranty return. 

Now, the yearly cost savings subtracted from vearly cost of opera- 
tion provided us with the amount of money lost or Eained from the 
purchase. In year 1. we have lost $103,069. But. as year-2-starts. 
we are starting payback. The addition of years 2.3.4.and 5 equals 
$186,792. So payback resulted somewhere in year 4. with all sav- 
ings thereafter applied to increased profits. 

Figure 5.2 depicts the purchase of the same test stand as a re- 
placement for an existing system. In the justification process. it is 
determined that no increases for maintenance, operator cost. and 
utilities will be required. Therefore, the word "same" signifies this 
tradeoff. The purchase of the test stand. support equipment. and 
installation are the only additional investments required. 

It was calculated that owing to increased set up time from fixture 
design, a 25% increase in operator productivity would result. This 
translates to the costsavings depicted. The yearly cost of operation. 
minus the yearly cost savings. provides the cost differential that re- 
sults from the purchase. Year 1 results in a loss of $47.837. while 
the total of years 2 through 5 equals a gain of $48,594. So. payback 
results in about 5 vears. 

Figure 5.3 depicts an evaluation of a system identical to Fig. 5.2 
replacement purchase, except for automated features. This svstem 
will initially cost more, and there is a slight yearly operational cost 
increase. But, look at the cost differential. This differential was 
based on the fact that an operator would only have to be present for 
25% of the time. The remaining 75% could be devoted to other tasks 
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or increased test turnaround time. The net result is increased pro- 
ductivity with payback within 3 years. 

Note that the examples provided take into account time and mate- 
rials only Added benefits and increased payback schedules can also 
result from tax benefits and depreciation calculations for capital 
equipment purchases. 

Based on budget allowance, a decision is made as to what type of 
test equipment can be purchased. If a system is fully automated, a 
review must be conducted to determine the practical limit of the ex- 
tent of automation. in many instances a machine is purchased that 
is far too sophisticated. This can be due to lack of working knowl- 
edge by the company’s engineering or maintenance staff. or simply 
because a company is expecting too much from one machine. Com- 
plicated adjustment procedures. automated test component load- 
ing/unloading and high-level programming languages can be rea- 
sons that are intended to be a benefit, which end up being a 
headache for everyone involved. 


5.1 Manual Testing 


Manual testing can provide highlv accurate test results. provided 
that test procedures are written properly and that the operator un- 
derstands the reasons for the procedure. It is very common to see 
shortcuts taken by an operator conducting production tests. Often, 
these operators are paid a fixed rate for quota. then a bonus for all 
tasks performed over quota. This applies to mainly production test 
systems because of the production scramble to ship parts. Manual 
systems used for engineering evaluation typically provide accurate 
data. because the svstem is used to analvze a component's operating 
characteristics. rather than acceptance of these characteristics. 

A manual system can be the most versatile test machine if used 
properly. However. increased set-up time and test time is often the 
main drawback. Attempting to adjust one parameter often changes 
others. So. getting the right combination ofvaluesto the point of 
taking a reading can. sometimes. be frustrating. Designing a pro- 
duction test stand with too much versatility can provide a machine 
that is too complicated for an operator to understand. 

Three examples of manual test stands follow. Review of the system 
design of each will demonstrate the range-of complexity that can be 
encountered in systems of this type. 


5.1.1 Oil Pump Test Stand 


A good example of a manual test stand is the Oil Pump Test Stand 
depicted in Figs. 5.4 (photograph) and 5.5 (schematic). This system 





5.1 MANUAL TESTING 369 


Pe 


`< 
MO 
55 y 


< 1 


Fig. 5.4. Oil pump test stand. (Courtesy Heco Division/Barker Rockford Co.) 





was designed to test aircraft pumps that circulate lube oil within a 
jet turbine engine. Several pump types were to be tested. so the cir- 
cuit was designed to accommodate all the tests required. 


PUMP DRIVE SYSTEM 


Because some pumps were driven directly from the turbine en- 
gine. speeds required to drive the pump reached 13,000 rpm. with 
torques up to 200 in.-Ibf. The first step was to select a variable speed 
drive that would provide-good speed regulation atinfinite set points 
with manual input. As described in the pump test section. any point 
along the flow/pressure/speed relationship may be required to deter- 
mine pump performance. Using an electric drive meant using a 
speed-increasing gearbox because of the maximum speed output 
rating of the drive. Speed regulation accuracy then decreases pro- 
portionally to the ratio of the gearbox. and low end stability is sacri- 
ficed for the same reason. 

A fixed-displacement, bent-axis-hydraulic-motor was powered by 
a variable volume pump. Pump displacement was controlled bv an 
electric motor drive on the maximum volume stop. This method al- 
lowed the operator to hold an increase/decrease button, while 
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valve and pressure gage. turbine flowmeter, and 3 micron absolute 
filter were provided. The needle valve was sized to allow minimum 
pressure drop in the full open position, and also to allow precise 
throttling control for backloading the pump. A 0—300 psi gage with 
4% full-scale accuracy was supplied to depict pump outlet pressure. 

The turbine flowmeter and digital display provided a range of 0.25 
to 10 gpm with 4% of reading accuracy. Owing to wide operating 
temperature ranges, a temperature-compensation module was in- 
cluded to vary the meter output based on the viscosity swing of the 
fluid at different temperatures. 

One pump output circuit returned directly to the reservoir. while 
the second circuit could return either to the reservoir or back to the 
inlet of the pump. through a selector valve. 

The pump inlets had a variety of controls to provide restricted in- 
let or pressurized inlet. depending on the test requirements. A nee- 
dle valve provided suction control in excess of 15 in. Hg for tests 
that determined pump suction characteristics. An adjustable air 
regulator provided supercharge pressure to the sealed 60 gal test 
circuit reservoir for pressures up to 10 psi. This also acted as a 
make-up supply for closed-loop pump tests. A 10 psi relief valve on 
the reservoir provided tank overpressure protection. Some pumps 
under test needed full low supercharge up to 50 psi. so an auxiliary 
20 gpm. 50 psi pump was added to both inlet lines to provide this 
function. A compound gage with a range of 30 in. Hg to 100 psi and 
3% full-scale accuracy was provided to monitor pump inlet pressure. 

A very important consideration in a system such as this is pres- 
sure-drop, because of the low-pressure testing required on some of 
the pumps. Careful attention must be paid when selecting compo- 
nents and line sizes on the pump outlet test circuit. Additive pres- 
sure drop from fittings, the needle valve. flowmeter, 3 micron abso- 
lute filter, etc.. could create pressure drops higher than required 
test pressures at higher flow rates. Therefore, this circuit was 
p'imbed with 2 in. tubing and some components with 1 in. ports. 
even though most test pump outlets were š or à in. Because of this 
problem. the fluid temperature control circuit had to be a Separate 
loop. 


FLUID TEMPERATURE CONDITIONING 


This loop allowed precise control of the test fluid temperature. It 
was required that a range of 85 to 300°F adjustment capability be 
provided. Cooling was accomplished by a water/oil heat exchanger 
with 10 gpm 70°F water available. The pump test loop created a 
great deal of heat, because all the power that was produced bv the 
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drive was converted into heat by the pump outlet flow across the 
needle valve. In order to size the cooler properly, it was assumed that 
all 60 hp could be continuously generating heat in an endurance 
test situation. Therefore. the cooler was sized to remove. GO hp of 
heat input and cool incoming oil to 85°F with a water/oil tempera- 
ture differential of 15°F. 

Heating was accomplished by an inline circulation heater rated at 
18 kW. The specification required that oil could be heated from 80 
to 300°F in 30 min, and 18 kW proved to be quite adequate. Once 
temperature was reached, the heater was turned off and on within 
an acceptable control range. 

Both the cooler and heater were controlled by a common tempera- 
ture controller/indicator that had high/low set points. This made for 
easy operator temperature control. 


OTHER SYSTEM FEATURES 


The console design included a sealed test chamber with Lexan 
shields to allow the operator to observe the test pump without the 
possibility of being scalded by hot oil. The pump drive fixturing al- 
lowed for easy pump changeover and included a bidirectional rotary 
transformer torque sensor with a 60 tooth gear and magnetic 


pickup for speed sensing. The torque sensor was calibrated for both 





directions up to 200 in.-Ibf and speed was sensed up to 13.000 rpm. 
The entire rotary group within the drive fixture was dynamically bal- 
anced to prevent vibration at high rpm 

Several auxiliary circuits were also provided, which are not shown 
on the simplified schematic: these included a controlled air circuit, 
additional pressure gage taps, an automatic scavange system, and 
drive motor cooling circuit. 

System safety monitoring included loss of cooling water. drive svs- 
tem overtemperature, test circuit overtemperature. excessive pump 
suction. low fluid levels. and filter element pressure drop status. 


5.1.2. 8000 psi Aircraft Component Test Stand 


Aircraft hydraulic systems. until recently. have operated around 
3000 psi. Higher pressures in the range of 6000—12.000 psi have 
been considered in order to reduce overall system weight. Aircraft 
manufacturers, component manufacturers. and various branches 
of the Defense Department have conducted high-pressure test pro- 
grams at least as far back as 1966. These tests proved that certain 
fluids and components could be used at 8000 psi or that thev re- 
quired minimal redesign to accommodate this pressure increase. 
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376 SYSTEM AUTOMATION 


test port. The accumulator was sized at 1 gal capacity to reduce po- 
tential system shock created by components under test. The relief 
valve was remotely controlled by a vent relief and provided 0—10.000 
psi pressure adjustment. 

The return line contained a shut-off valve and relief valve con- 
trolled by a vent relief. This allowed back-pressure control up to 
1000 psi. while allowing unrestricted return line pressure for tests 
requiring this feature. Pressure was monitored by a 0—1500 psi 
pressure gage with needle valve, snubber, and test port. Return flow 
was monitored by two flowmeters. 

A turbine flowmeter with a range of 0.5-30 gpm was supplied to 
monitor most test results. It included a linearizer, a temperature- 
compensation module. and 20-point calibration at four viscosity 
points. Because the meter was installed in the return line. pressure 
variations affecting accuracy were negligible, but variable tempera- 
tures would cause error. The temperature compensator monitored 
oil temperature and adjusted the display output based on data ob- 
tained during calibration at the factory. Also. a separate EPROM 
was supplied with calibration data for the other fluid used. This al- 
lowed easy changeover from MIL-H-83282B to CTFE. 

A positive-displacement flowmeter was also provided to monitor 


flow-in-the-range of 40—7500 cm*/min. This allowed leakage testing- 


of components as well as providing highly accurate low-range data, 
Both systems were rated at 4% of reading throughout the entire flow 
range. A shutoff valve was installed in the return line to divert all 
return flow through the positive-displacement meter if flow dropped 
below 0.5 gpm on the turbine meter. 

The console also included a 0—16.999 psi air-operated intensifier 
for static pressure testing. It was rated at 150:1 ratio. so 16.000 psi 
hydraulic pressure could be attained with an air input pressure of 
106.7 psi. The hydraulic circuit contained a shutoff valve. bleed 
valve. and test port. The air circuit included a shutoff/vent valve. 
filter, and regulator with gage for operator pressure adjustment. 

The console was provided with an enclosed Lexan-shielded test 
chamber and stainless steel sink. Sink fluid drained to a holding 
tank, which was drained periodically. All system control and power 
unit control were easily accomplished from the operator station. 
Emergency shutdown from overtemperature. low oil level. and low 
pump suction was provided, as well as indication of filter element 
status. A digital temperature controller monitored reservoir temper- 
ature and was used to operate the cooling water solenoid valve at 
the heat exchanger. 
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POWER UNIT ASSEMBLY 


The main component of the power unit was variable-volume, pres- 
sure-compensated pump that produced 20 gpm at 8000 psi and 
9400 psi at reduced flow. It was driven by a 125-hp 1800-rpm elec- 
tric motor. A stroke controller was used to operate remotely the dis- 
placement control arm, providing inftnite control of flow from the 
console. The pump outlet included a check valve. 1 gal accumulator, 
10,000 psi relief valve. and 10 micron absolute pressure filter. 

The main pump required a full flow supercharge of 50 psi. so a 
fixed displacement vane pump rated at 25 gpm was used. lt was 
driven by a 5-hp.1800-rpm electric motor. Its inlet contained a 100 
mesh suction strainer, shutoff valve, and vacuum switch to monitor 
excessive pump suction. Its outlet contained a 3 micron absolute 
filter, 50 psi relief valve, and a pressure switch to monitor boost 
pressure. The main pump motor would not start unless sufficient 
pressure was present. Also, a timed shutdown of the boost pump 
motor occurred after the main pump motor was turned off. either 
by hand or during an emergency shutdown situation. This elimi- 
nated the potential for main pump cavitation. which could lead to 
extremely high repair costs. 

The return line of the power unit contained a 10 micron absolute 
filter and a water-to-oil heat exchanger. The heat exchanger was 
sized to cool oil 20°F with continuous heat input of 50 hp with water 
suppl. at 10 gpm and 85°F maximum temperature. Cooling water 
was controlled by a solenoid valve, which received its signal from the 
temperature controller in the console. 

The system contained a 75 gal stainless steel reservoir with baf- 
fles. cleanout covers, drain valve, sight glass. low oil level switch. 
and relief valve. The reservoir was charged with 10 psi nitrogen from 
an 1800 psi supply tank. A shutoff valve and regulator to reduce 
pressure from 1800 to 10 psi were supplied. 

Most components and all tubing were made from stainle s steel. 
owing to the corrosive nature of CTFE. Owing to the relativel high 
flow rate of 20 gpm, pressure line ID was kept to a minimum diame- 
ter of 0.56 in. 


5.1.3 Submarine and Aircraft Component Test Stand 


The system depicted in Figs. 5.8. 5.9. and 5.10 consists of five 
independant consoles powered by a remote hydraulic supply. The 
power supply contained six pumps, each powered by a 75-hp electric 
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380 SYSTEM AUTOMATION 5.1 MANUAL TESTING 381 


The outlets of these filters were plumbed together and this manifold 
supplied the conditioned fluid out to the consoles. à 
Return fluid from all five consoles was through two water-to-oil | 
heat exchangers and bank of four 10 micron return filters. The heat j ATRAS 
exchangers contained an automatic water regulator that could be Í | =a 
set to maintain desired oil temperature. The heat exchangers were e O N- 
sized to remove 25% of full system capacity, while maintaining oil 
out temperature at 120°F. 
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CONSOLE SCHEMATIC 


1 
| 
I 
Each console contained the circuit depicted in Fig. 5.11. The inlet | POM i, 
contained a shutoff valve for Servicing, a solenoid valve for on—off TS me d š = pe 
Ga E . == 





cycling and emergency system isolation, and a fixed pressure com- 
pensated flow control valve set-at-50 gpm. This provided maximum 
flow limitation at each console. A 100—5000 psi relief valve with vent 
valve controlled system pressure. Pressure was monitored by three 
pressure gages (1.000, 3.000 and 6,000 psi) with needle valves, 
snubbers, gage protectors. and test ports. An accumulator with 
shutoff valve prevented shock and dampened ripple. A bypass valve 
diverted all flow to the return line anda temperature gage monitored 
oil inlet pressure. 

This inlet circuit then was divided into several subcircuits. The 
main outlets consisted of two 12 in. outlets controlled by a four-way 
valve, shutoff valve, and loading throttle valve. The outlet of the four- 
way valve tied into a leakage valve that diverted leakage flow from 
this point or from a separate external source into a beaker. Five ad- 
iti : à 4 in. outlet with shutoff and bypass 
valve, accumulator, pressure gage and throttling valve, a 3 in. outlet 
with pressure gage and throttling valve. and three i in. outlets with 
throttling valves. The smaller outlets were used for low flow testing 
and pilot supplv for test units requiring pilot flow. A 0—50 psid dif- 
ferential pressure gage with snubbers. gage savers, and test ports 
allowed accurate pressure drop measurement and could be con- 
nected at any point of the test unit with external hoses. 

The return circuit consisted of six 13 in. ports with check valves — nu E : pooR AAA per” 
for free-return and a š and 2 in. port. which connected to a dual ds <o gute "E "SS 
range flowmeter with a range of 0.36—60 gpm and contained a shut- "ene RS 
off valve to isolate the lower Tange rotameter during higher flow 
testing. 

An intensifier circuit provided up to 30.000 psi for hydrostatic 
testing and consisted of a handpump for pressures to 10.000 psi 
and an-intensifier-for higher pressures. A three-position valve al- 
lowed selection of vent. handpump out, or handpump to intensifier 
inlet. A common à in. outlet contained a 10.000 and 30,000 psi gage 
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Fig. 5.11. Test stand schematic. (Courtesy Heco Division/Barker Rockford Co.) 
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5.2 SEMIAUTOMATIC TESTING 385 


The outlet of the test valve contained a zero leak solenoid valve for 
on—off control, and a flow switch to signal the controller that the 
valve was opening fully during an energized condition. 

: , Also, included in the cireuitry-were-two pneumatic-cylinders oper- 

ated by solenoid valves. One cylinder operated the port clamp fix- 

ture. which connected the test valve hydraulically as well as holding 

I it in place. This was a manual operation during valve loading. but 

the controller overrode the unclamp switch during the test to pre- 

vent the operator from releasing the clamp while the test valve was 

still under pressure. The second cylinder actuated a lever that de- 
pressed the manual override of the valve under test. 


CLAMP 
CYLINCER 


FRESS. 
CYLINDER 
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TEST SEQUENCE 


After the test valve had been loaded and electrically connected. the 
operator would depress a "start test" button. The test unit was sub- 
jected to 150 psi and was cycled on and off for three cycles with full 
operating voltage. During each of the on cycles. the controller would 
sense if the valve was opening completely from the flow switch 
output. 

The second step was to repeat the three on—off cycles. checking 
for full flow each time, but with valve operating voltage reduced 
15%. This-reduced voltage test detected whether-the valve-would 


24 VACIA 


STATION 2 (OPTIONAL) 
2 








ES 
> e " ! shift properly or at all. Minimum operating voltage oí the valve was 
ge feu FX e | recommended at this nominal rating. 
E 8 
t= ; m The third step. if the valve had passed both tests. was to check for 





by the water pressure decay method in order to detect extremely 
small leaks. lt was calculated that based on an internal volume of 
| 6.23 in.? during the seat leak test, a 0.05 cm?/min leak would cause 








Fig. 5.13. Solenoid valve test stand. (Courtesy Heco Division/Barker Rockford Co.) 





Y, 

x EIN a pressure decay of 156.3 psi with a test pressure of 150 psi. This. 
2 spot 2: ees E of course. was too sensitive. In order to compensate for this. a small 
2 Zi SG: =-9 air-charged accumulator was added. This still allowed the system to 
ç ` ecce: = š š accurately detect small leaks without unnecessary sensitivity. This 
l EY PES ú š S required the system be calibrated to a known leak standard as fully 

HR = ` Š n described in Chapter 3. 
Bg IL) , A äu TA Pm The fourth step consisted of depressing the manual override. clos- 
AUS £ a Gs TUE UT NEC VE SCH ing the outlet solenoid valve, and conducting an external leak test 
~ T £= m Tam — RER at 150 psi using the pressure decay method. Once 150 psi was 


sensed, the inlet solenoid valve was closed. trapping pressure be- 
tween the inlet and outlet valves. with the test valve manually held 
open. Any external leak would be sensed as a pressure decay, again 
dampened by the accumulator. Decay rate for external leaks was 
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Unfortunately, some fluid power manufacturers remember the old 
days and are still reluctant to accept this new technology. However, 
those who choose automation are finding the many benefits derived 
from these-eomplex systems. Increased-speed, accuracy, and added 
profits can be realized from a well-planned test program employing 
automation. 

The most important requirement in the design or purchase of a 
fully automated test stand is time. Time is required to document all 
details of test procedures. test component design. test limits, and 
data acquisition. The old adage "garbage in-garbage out" also ap- 
plies here. If sufficient information is known up front. the program 
and screen can be configured to allow future additions with minimal 
time spent. Also. any details pertaining to manual override of an 
automatic system are imperative. This feature can prove to be a ma- 
jor benefit if a “nonstandard” component requires testing. 

The following examples depict two fully automated test stands 
with infinite manual override capability. 


5.3.1 Rotary Actuator Test Stand 


This system. depicted in Figs. 5.16 and 5.17. was designed auto- 


— — — —mrmaticallv-to-test electrically-and pneumatically operated rotary actu 


ators. The range of torque testing required was 100—100.000 in. Ibf 
over a 90° rotation. Some test units were single acting. spring re- 
turn and others were double acting. Some rotated from CW to CCW. 
some from CCW to CW. and others only rotated in one direction. 
Electric actuators could be powered 115 or 230 Vac. Pneumatic ac- 
tuators could have one, two. or four pressurized chambers. With the 
potential of hundreds of variations possible. it was decided that to- 
tal automation was the answer to solve the operator's test selection 
dilemma. 


MICR.OPROCESSOR SOFTWARE 


When power was turned on, the CRT would prompt the operator 
to select either a test mode or a system check mode. In system check. 
each transducer could be displayed along with its operating charac- 
teristics and its calibration data. This allowed an occasional check 
to determine if the transducer had drifted out of calibration. The 

-five transducer signal conditioners next to the CRT had shunt cali- 
bration buttons, which. when depressed, would depict actual set- 
point versus the calibration number stored from the last transducer 
test calibration. If the numbers did not match. the system allowed 
the quality assurance personnel to adjust the zero and span potenti- 
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Fig. 5.16. Rotary actuator test stand. (Courtesy Heco Division/Barker Rock- 
Jord Co.) 


ometers until the transducer was back in calibration. The calibra- 
tion number also could be easily changed after each transducer was 
returned from occasional recalibration. 

When the test mode was selected. the operator could select 
whether a manual test or automatic test was desired. The manual 
test was normally used for engineering evaluation of an actuator or 
for the occasional "very special" unit that di not meet the normal 
parameters of the automatic setup. In this manual mode. the opera- 
tor made the following selections: 


1. Break Torque (first rotation)? 
Running Torque (first rotation)? 
Finish Torque (first rotation)? 
Single or Double Acting? 

Break Torque (return rotation)? 
Running Torque (return rotation)? 


Finish Torque (return rotation)? 
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lization, the unit would also fail. This prevented the potential for an 
excessively low starting pressure. 

After this test passed. the unit would vent pressure, then begin to 
pressurize the actuator to the body leak test pressure with a closed- 
loop, microprocessor-controlled air regulator. The regulator was ac- 
tuated by a stepper motor with slew and step inputs. To speed up 
the pressure cycle. slew rate was set to bring the test pressure up to 
80% of test pressure. The step function then took over and the pres- 
sure transducer monitored pressure rise until the preselected pres- 
sure was reached. The body leak test was to detect extremely small 
leaks. typically in the range of 5 cm*/min. This small leak rate, 
which was an external leak. was a challenge to detect because actua- 
tors under test could vary in internal volume from 9.3 to 3480 in.?. 
Using a pressure decay method was impossible owing to the ratio of 
leak to the largest volume. Trying to detect a 5 cm*/min leak in a 
closed chamber of a larger actuator with a volume of 2160 in.? at 80 
psi resulted in a pressure decay of 0.0022667 psi min. 

It was decided that a mass flowmeter with a range of 0-10 cm?/ 
min would be used to detect the leak. This was a case where circuit 
design was critical to produce an accurate test. Owing to the fact 
that the inlet flow to the actuator had to be measured to detect exter- 
nal leakage. a stable air supply was required. If, for example. the 
unit was constantly pressurized with pressure controlled by a preci- 
sion air regulator. extreme inaccuracy would occur. This would be 
due to the hysterisis of the regulator. The regulator would open and 
close to maintain a pressure setting. but this opening and closing 
would provide an intermittent "shot" of air that would be detected 
as a gross leak. In addition. the temperature effect created when 
first pressurizing the actuator would also provide false signals. For 
example, with an actuator volume of 424 in.?. a 1°F temperature 
change of the internal pressurized air would show up as a flow rate 
of 8.2 cm?/min. 

To overcome these problems, the flowmeter was placed between 
the actuator and a volume chamber. While the actuator was being 
pressurized. so too was the volume chamber. Once pressure was 
reached. both were isolated from the rest of the system and allowed 
to stabilize. Any air flowing out of the actuator would have to be 
replaced by air from the volume chamber. passing through the flow- 
meter. Because there were no restrictions. temperature fluctuations 
were negligible and hysterisis did not exist. The volume chamber 
was sized at a nominal volume of 670 in.?. Because the test volumes 
would vary, the transfer of air between the chamber and actuator 
would be proportional to the ratio of the volume difference. For ex- 
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ample, the smallest unit with 9.3 in.? volume would read 9.8631 
cm?/min with an actual leak rate of 10 cm?/min. while the largest 
unit with 3480 in.? volume would read 1.6132 cm?/min with an ac- 
tual leak rate of 10 cm?/min. (For a more detailed explanation of this 
effect, see Section 3.9.) The microprocessor had these volume ratios 
stored and compensated the flowmeter readings for the various ac- 
tuator sizes. In addition to compensating for volume differences, the 
microprocessor also had to convert the flowmeter reading from ac- 
tual cubic feet per minute to standard cubic feet per minute, be- 
cause the flowmeter was measuring air at pressure rather than free 
air. Pressure was sensed, and the conversion was performed. based 
on this reading. Once this test passed. the system would proceed to 
the first piston seal test. 

With the actuator still in its initia! position, air was applied to 
one rotational side of the actuator with the pressure regulator. The 
opposite side of the piston was vented to atmosphere through a sec- 
ond mass flowmeter. Once pressure was reached. the flowmeter 
would detect actual leak rate without volume or pressure variation 
conversion. 


ROTATIONAL TORQUE TEST 


Once a pneumatic actuator passed all the previous tests. it was 
ready for torque testing. Electric actuator testing started at this 
point. Torque versus position testing was required to determine if 
an actuator produced torque output equal to or in excess of its pub- 
lished output readings. This was accomplished by using a load actu- 
ator to stall the test actuator during its full rotation. A rotary torque 
transducer was used between the load and test actuator to monitor 
actual output torque in inch pounds. Because of the wide torque 
range of actuators being tested. four torque transducers were used 
to maintain consistent accuracy (0—500. 0-5000, 0-20.000 and 0— 
100.000 in.-Ibf ranges were used.) The -vstem would prompt the 
operator to load the proper transducer at the beginning of the test. 
and sense which unit was installed. In the event the wrong trans- 
ducer was loaded. a light would flash. and testing would not begin. 

When the test started. a rotary encoder would sense rotation posi- 
tion and at 0°, 45°, and 90? the microprocessor would store break 
torque, running torque. and finish torque values from the torque 
transducer. as well as storing torque output at every 1° increment 
for the X—Y graph printed report. Rotational speed was important 
(as outlined in rotary actuator testing), because if speed were too 
fast, torque readings would be too low and would show up as a fail. 
If speeds were too fast on the electric actuators. gear damage could 
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400 SYSTEM AUTOMATION 





Fig. 5.19. Test stand console configuration. (Courtesy Heco Division/Barker 
Rockford Co.) 


In the automatic test mode, the system would look up these data 
in stored tables and adjust all operating conditions based on the 
input model number. Once the system verified proper model num- 
ber and that the valve was clamped. the microprocessor would con- 
trol fill time. shell test. seat test (side A). seat test (side B), and air 
blowdown. 


PRESSURE-DECAY TEST SELECTION 


In the initial discussions of test method required to detect the leak 
rates desired. it was determined that water pressure decay was man- 
datory owing to the small leak rates. In this case. industry standards 
dictated that 0.06 cm*/min leak rate was acceptable at the rated 
pressure of the valve. As a safety margin, 0.05 cm?/min leak rate was 
used as a fail point regardless of valve size or test pressure. 

Initially an air pressure-decay method was considered, but based 
on the fact that test volumes ranged from 10 to 60 in.? during shell 
test and 5 to 30 in.? during seat test, this method proved imprac- 
tical. 
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Fig. 5.20. Console controls and instrumentation. (Courtesy Heco Division 
Barker Rockford Co.) 





To illustrate the expected results experienced with compressed 
air, we must use the formula P, x V, = P, X V,. where pressure is 
expressed in absolute ( - gage pressure + 14.7 psi]. 

If we compress a 10 in.? volume to 80 psig. we find 20 in.? x 94.7 
psia- 64.4 in.? x 14.7 psia. This means that once we have com- 
pressed the air in the 10 in.? volume to 80 psig. we must vent 54.4 
in.? (64.4 — 10) of air to read O psig. 

If we compress a 60 in.? volume to 80 psig. we find 60 in.? x 94.7 
psia= 386.5 in.? x 14.7 psia. We must now vent 326.5 in.? to read 
O psig. 

Therefore, we are working with a compressed volume range of 
54.4-326.5 in.? at 80 psig. 

Pneumatic seat test—Again. actual volume is half of shell test-vol- 
ume, so we are working with volumes of 5-30 in.? therefore. 5 in.? 
x 94.7 psia= 32.2 in.? x 14.7 psia and 30 in.? x 94.7 psia= 193.3 
in.? x 14.7 psia. 

Therefore, we are working with a range of 27.2 in.? (32.2-5) to 
163.3 in.? (193.3-30) at 80 psig. 
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surized equally on both sides at this time. thus producing an output 
H 
BEE EE l = i of 0 psi. A small accumulator was used on the high-pressure side of 
H i8 RA the transducer as a reference pressure. (See Chapter 3, Leak Test- 
D e eris ing. for more detail on this procedure.) Once stabilization was over, 
a solenoid PD was energized, isolating the accumulator and high side 
f was e—— 
S E EE EE SE of the transducer. As pressure dropped due to valve leakage. the 
eig Ware Gane S ! transducer began producing an output based on the differential 
ó air w Z] 1 
pete I E H pressure between the accumulator reference pressure and the ac- 
E scsi $ tual pressure in the test valve. 
š < cw ee On k. A 0 Ë After a successful completion of this 60 sec shell test, leakage 
— - - _ —-— 2 across the valve seat on both sides was conducted in the same man- 
— ——N yE — EA L : 
= E | ner for 30 sec with the test valve closed. 
Sheets x = | After testing was complete, the valve would be purged of water 
7 An $ T -- A — ° Ë š š : ; : 
é = O. ñ al. Š | with an air blowdown circuit. The operator could request a printed 
à p E ape. =m d$ oe obla. Š report and have a metal nametag machine stamp the valve name- 
S ei ` em p dw. éi "E EE ° plate with all input data from the system. A conveyor would deliver 
i vm Pe ee : = E f HAE E NET. Š the nameplate from the machine to the appropriate station, drop- 
E pee E AIV > ping the nameplate down a delivery chute. 
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SEAL COMPATIBILITY CHART 


SEAL COMPATIBILITY CHART 


426 


MN. up aq pinoys 
21020 01 jaadsas yım 2ua1doaN 101 fupe: UY Je) VON "£00Z0 PN "proguroog "073 12003] ouy A) JO eine 














Seng au? 
195 MZ 
Spo wz 
918122y 2ur 
at? 


z 
UOUSX 
tol 
suit da pawiW təuəpi AX 






D< << 

























HO Poon 
10021y ponm 











PO amy 
PO burg PAA 
























i 












əqnttusA 
WO amea 
D 


ui a brs | 


PANEKS 














BET d A^ 

SOL d AA 
9250 AA 

Ui 20A, ESZE TAA 
4t 904] ‘ESTA TAA 
1583] e676 TAR 

DOC 1 A^ 


322 









23123 alu < < 


ees 23 





















POLE MAA 
DPLL HAA 













OIE HAA 
34,9 0 A^ 






9 «i« 2 <|< < DE AE 


Diam aja < a 






089 BAA 
^ 


pesce Ki m 






pe B 















toon) euizsiplg qAuiaus PROPIONATE 
(HO mons) Sce Hoan 
J PRATT OF 






(eg 10210 AASAD) xonz- BOS HO YON 
xóbr 91 10 Yoon 
AAA IN ERC HTIO "pr? 
OO1SQH OS mein? voor 
099911 09 1124007 ua» 




















OOLBH QS eqn voor) 
9SüH 09 10921493 VOI 
UT TOS uo 









$29 91 1unəlsqnq ven 
00€ g7 1ue(qn wenn 
jm 













SEL g1 10820023 uo» 
59 (7 muar? vo 
E D os 







IBCLE-S THE) 103 UI 9A] 
(SELES MW) Ona 1 ORAL 
St V E 


sunvedin y 
SE* no ong 


{VERE T TW] Ste HO engl 
no swang 
(PO Poom etiu9) to bung 

T Bu 

















339222222 













sieuroua Ay 
auno 1 


2« «| 








3 


airy y 
sigurisoug {Abas p 
susya ooy 1 















Appendix 2 


Professional Organizations 


NFPA 


ANSI 


L soi 


ASME 






SAE 


ISA 


JIC 


SME 


National Fluid Power Association 

3333 North Mayfair Road 

Milwaukee, Wisconsin 53222 

(414) 778-3344 

American National Standards Institute 
1430 Broadway : 

New York, New York 10018 

(212) 868-1220 

International Organization for Standardization 
I Rue de Varembe, Casé Postale 56 
1211 Geneve 20, Switzerland 

x 


American Society of Mechanical Engineers 


New York, New York 10017 

(212) 354-3300 

Society of Automotive Engineers 
400 Commonwealth Drive 
Warrendale. Pennsylvania 15096 
(412) 776-4970 

Instrument Society of America 

P.O. Box 12277 < 

Research Triangle Park, North Carolina 27709 
(919) 549-8411 

Joint Industrial Conference 

7901 Westpark Drive 

McLean, Virginia 22102 

(703) 893-2900 

Society of Manufacturing Engineers 
One SME Drive 

Dearborn, Michigan 48121 

(813) 271-1500 
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Index 


Acceleration test. 290 
Acceleration/deceleration. 189 
Accuracy of reading. 303 

Acoustic noise test. 294 
Airborne_noise_levels. 189 
Aircraít gunfire vibration test. 296 
Ambient effects. 303 

Ammeters, 143 

Amplitude ratio. 238 

Y ', 303 
Beakers. 80 
Bearing life/side loads. 190 

Best fit through zero. 304 
Blocked load characteristics. 233 
Breakaway pressure. 260 

Bubble point test. 240 


Case drain pressure test. 179 

Case leakage test. 178 

Clean pressure drop test. 242 

Coil inductance, 215 

Coil resistance. 214 

Cold start test, 245 

Collapse test. 242 

Combined error, 304 

Compensation. 304 

Component and system accuracy 
interaction, 356 

Connector tests, 297 


Contaminant ingression. 263 
Contamination measurement. 120 
Control valve leakage. 199 
Creep. 304 
Creep recovery. 304 
Cross-port flow. 202 
Cycle life/endurance test. 264 
Cycle tests. 23. 169 
Cyclic shock tests. 259 

linders. 56 
Cylinder tests. 


Data acquisition equipment. 147 

Data loggers. 155 

Deaeration. 253 

Degradation due to contamina- 
tion, 189 

Degree of filtration test. 243 

Dehydration. 254 

Dilution. 255 

Dirt capacity test, 243 

Drift, 304 


Efficiency. hydraulic motor. 17 

Efficiency. mechanical. 2. 186 

Efficiency. overall. 2. 187- 

Efficiency. volumetric. 2. 185 

Electric motor current torque con- 
version. 103 

Electrical measurement. 137 
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